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ABSTRACT
EVOLUTIONARY AND STRUCTURAL ANALYSES OF PLANT CELL WALL
SYNTHESIS-RELATED GLYCOSYLTRANSFERASE
FAMILY 43 AND 2

Rahil Taujale, M.S.
Department of Biological Sciences
Northern Illinois University, 2015
Yanbin Yin, Advisor
Plant cell wall polysaccharides have been a focus of research for many years mainly due
to their potential as a lignocellulosic biofuel resource. An approach to realize this resource is
genetically designing plants that are ideal for biofuel production. This requires manipulation of
the enzymes that are involved in the synthesis of these polysaccharides. With an aim to improve
the understanding of plant cell wall-related enzymes, this study documents a detailed
evolutionary analysis and protein structural analyses focusing on two main families of
glycosyltransferases as two separate chapters: GT43 involved in xylan backbone elongation
and GT2 responsible for cellulose and many hemicelluloses biosynthesis. We have mined the
genomic and transcriptomic data from various species ranging from early algae to flowering
plants. A new algae specific clade of GT43 proteins has been reported. We also suggest a new
naming method for GT43 clades. Protein structural modeling of two Arabidopsis GT43 proteins
(AtIRX9 and AtIRX14) supports the possibility of protein-protein interaction between these
two proteins. Predicted protein structure of a guar CslA protein presents the 3D spatial
arrangement of the conserved motifs and other important residues.
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CHAPTER 1
LITERATURE REVIEW
1.1.

Introduction

1.1.1. Significance of plant cell walls

Plant cell walls are rich in various structural polysaccharides, including celluloses,
hemicelluloses, and pectins. These polysaccharides together with lignins form the major
chemical components of plant biomass, the largest renewable resource for biofuel and
biomaterial production (Ragauskas, Williams et al. 2006). Chains of cellulose microfibrils are
crosslinked among one another by xylans, xyloglucans along with other hemicelluloses,
pectins, and lignins to strengthen the highly complex plant cell walls. Among these
polysaccharides, celluloses are the most abundant, followed by xylans in woody plants.
Multiple studies of these polysaccharides have been a topic of interest for a long time due to
their direct applications in biofuel production, animal feed production, and use in the food,
medical, and industrial fields (Ragauskas, Williams et al. 2006, Pauly and Keegstra 2008,
Collins, Burton et al. 2010, Somerville, Youngs et al. 2010). Plant cell wall polysaccharides
have been established as an important part of dietary fiber in cereal grains, thus helping in
alleviating the risks of diseases such as type II diabetes, cardiovascular diseases, colorectal
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cancer and other inflammatory bowel diseases (Collins, Burton et al. 2010, Koropatkin,
Cameron et al. 2012). Also, the plant cell wall polysaccharides are known candidates for
producing livestock feed and are used in the manufacture of paper (Jung and Allen 1995, Burton
and Fincher 2014)Studies of these polysaccharides are mainly driven by their potential to
produce alternative energy as 2nd generation biofuel (lignocellulosic biofuel) (Somerville,
Youngs et al. 2010). However the lignocellulosic biofuels are currently too expensive because
plant biomass is recalcitrant to microbial/enzymatic deconstruction. One approach towards
reducing this cost is to genetically modify plants to make their biomass (plant cell walls) easier
to be degraded (Li, Song et al. 2014). To transform this practical goal to meet basic scientific
questions, a detailed study of the metabolic pathways and regulatory networks for plant cell
wall synthesis is essential.
1.1.2. Introduction to next-generation sequencing

With the advent of next-generation sequencing (NGS), more and more genomic and
trascriptomic data from various species are available for extensive studies. NGS or high
throughput sequencing provides a faster and cheaper method compared to the previous Sanger
sequencing. With NGS, sequential identification of DNA bases through re-synthesis from a
template strand can be spanned across millions of reactions in a parallel fashion, allowing the
whole sequencing job to finish a lot faster (Morozova and Marra 2008). Hundreds of gigabases
of data can be produced in a single sequencing run using these newly developed methods
compared to traditional Sanger sequencing that can output around 3 megabases per day. The
cost of sequencing a complete human genome has dropped from a hundred thousand dollars to
around five thousand dollars, and is expected to drop even further. This powerful advancement
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allows a researcher to virtually ask any question about the genome or transcriptome of an
organism. NGS can be applied to obtain a whole genome sequencing for an organism,
transcriptomic profiling, study of epigenetics, personalized medicine, and discovery of noncoding RNAs and protein binding sites (Yang, Athey et al. 2009).
The use of NGS towards the study of the transcriptome involves a tool called RNA-Seq,
which is a much recent addition to the arsenal of NGS tools. RNA-Seq employs the deep
sequencing technologies for mapping and quantifying the transcriptome of an organism. The
targeted RNA population in an organism cell is converted to a library of cDNA fragments. Short
oligonucleotide adapters, specific to the sequencing platform, are attached to these fragments
and amplified if necessary. These fragments are then sequenced by high throughput sequencing
to obtain short sequences called reads. These reads can be anywhere from 30 – 200 bp long.
They are then assembled into contigs and then to scaffolds by either using a reference genome
or de novo. Finally, a transcriptomic map is produced, which contains information about both
the structure of the transcript and the level of expression data for all the targeted genes (Wang,
Gerstein et al. 2009). RNA-Seq offers superiority to previous technologies such as microarrays,
cDNA or EST sequencing on various levels including less sample volume, no need for preexisting genomic data, and low background signals (Wang, Gerstein et al. 2009).

1.1.3. Mining transcriptomes for cell wall-related genes

Proteogenomics involves the analysis of the genomic, transcriptomic and proteomic
data, based on various bioinformatics analyses (Renuse, Chaerkady et al. 2011). Our lab as well
as other research groups have applied this method to the study of evolution and function of the
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enzymes involved in the biosynthesis, elongation and translocation of the polysaccharides of
the plant cell wall (Roberts and Roberts 2009, Xu, Zhang et al. 2009, Yin, Huang et al. 2009,
Collén, Porcel et al. 2013). Many research groups have been exploring genomic data for fully
sequenced species to study the evolution, distribution and other features of the plant cell wall
related genes. This venture has been further strengthened by the availability of a number of
transcriptomic data for species from other taxa that do not have any fully sequenced members.
Now research is being focused towards mining these transcriptomic data to find more cell wall
related genes in order to truly realize the diversity in evolution and function of these vital genes
(Matthews, Schindler et al. 2010, Pellny, Lovegrove et al. 2012). Even though research in this
field is burgeoning at many levels, a lot of unanswered questions still remain. With fully
sequenced genomes available only for the major taxa in plant lineages, other important taxa
(like liverworts, fern, charophyte green algae) still have only transcriptomic data available.
With so many different families of cell wall related proteins, there has been a lack of effort to
study these families in these taxa. Only resolved to transcriptomic data, studies need to be
focused only on expressed genes. Vital information that could be obtained from genomic
sequences are however still being missed. An in-depth analysis of the transcriptomic
information focusing on a specific family of proteins is bound to provide valuable insight into
the evolution of the family of proteins.

1.1.4. Protein structural study

A structural study of the proteins involved in cell wall biosynthesis can be of great
interest in order to understand the functioning of these proteins. However, there have been no
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reports for any experimentally resolved 3D structure for glycosyltransferases in plants. There
are structural models from bacteria and other taxa, but the structures for plant
glycosyltransferases are yet to be realized (Shiba, Kakuda et al. 2006, Morgan, Strumillo et al.
2013). One of the reasons for this hindrance could be that these proteins are mostly membrane
proteins, and resolving a crystal structure for membrane proteins can be challenging (Gilbert
2010). Consequently, computational structure prediction offers a novel path to uncovering the
mysteries of plant cell wall proteins at the atomic level. With the advent of new tools that
employ comparative modelling algorithms (Eswar, Webb et al. 2007, Roy, Kucukural et al.
2010), it is now possible to employ these tools and predict a fairly accurate 3D structure of a
protein, given it has a close homolog with an experimentally determined 3D structure to serve
as a feasible template. For a protein sequence of interest, these tools first search for close
homologs based on sequence similarity and phylogenetic relatedness. If any of these similar
homologs have a crystallographic structure, these tools make use of homology modelling and
threading and use this structure as a template to derive the structure of our protein of interest.
With a computational model of the structure, we can delve further into the active site
for the donor and the acceptor substrates and learn more about the substrate interactions,
conformational changes in the structure and other important functioning of the proteins.
An interactive employment of evolutionary and structural strategies could provide a new
heading and add a new dimension towards the combined research efforts on the study of these
elusive protein families.
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1.2.

Plant Cell Wall
The plant cell wall is a thick outer covering that the plant cell synthesizes around its

outer membrane. This chemically complex structure is made up mostly of different types of
polysaccharides, membrane proteins, and aromatic compounds. These compounds are
independent, but interact with one another to perform various important functions like wall
assembly, defense against pathogens, and transport of materials (Carpita and Gibeaut 1993).
Together, the cell wall structure provides a structural rigidity to the cells, protects the cell from
mechanical and microbial harm, helps in cell-cell adhesion, and mediates transport of materials
and signaling processes between cells and tissues (Keegstra 2010).
A thin, flexible layer (0.1 – 1 µm) that consists mostly of complex polysaccharides and
few structural proteins surrounds the plant cells in their growing stages (Cosgrove 2005). Even
though this layer is thin, it forms a strong network that provides rigidity and a definite shape to
the growing cell. This initial layer is termed as the primary cell wall. The primary cell wall has
a wavy and loose arrangement of microfibrils, low amount of cellulose and more amounts of
hydration with enough extensibility to allow for the growth of the cell. Osmosis is the key factor
that drives cell expansion, but the direction and rate of this expansion is controlled by the
mechanical properties of the cell wall like the orientation of the cellulose microfibrils
(Szymanski and Cosgrove 2009). Lignin is mostly absent in this cell wall (Pettolino, Walsh et
al. 2012). Hemicelluloses bind the cellulose microfibrils forming a resilient network. Pectins in
the primary cell wall are complex polysaccharides that form hydrated gels pushing the
microfibrils apart, helping them in cell expansion and then also holding them in place once
growth stops. Pectins determine the porosity of the primary cell wall and glue the cells together
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in the middle lamella. They are also the prime targets during microbial invasion (Cosgrove
2005). Figure 1 shows a schematic diagram of the arrangement of the different polysaccharides
in the primary cell wall.

Figure 1: Schematic diagram of the arrangement of cellulose, hemicelluloses and pectin in
the primary cell wall of a plant. Figure adapted from (Cosgrove 2005)
Once cell growth is complete, the cell wall thickens by adding fresh layers below the
primary cell wall to form the rigid, tough secondary cell wall (Varner and Lin 1989). About
90% of the dry weight is composed of polysaccharides in the primary cell wall which lowers to
about 60% of dry weight in the secondary cell wall. While the primary cell wall may contain
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up to 90% (wt/vol) water, the secondary cell wall has none, and contains phenylpropanoid
macromolecule lignin and linear unsubstituted polysaccharides such as cellulose and
heteroxylans (Pettolino, Walsh et al. 2012). The secondary cell wall has a high ratio of xylan
among the hemicelluloses whereas the primary cell wall has a higher content of xyloglucan.
Pectins are mostly absent. Due to the dense, rigid nature of the secondary cell wall, it has a very
low permeability. Small openings called pits are therefore used for cellular transport. The
secondary cell wall is present between the plasma membrane and the primary cell wall only in
those cells that require great mechanical strength and structural reinforcement. The secondary
cell wall is sometimes divided into three separate layers (S1, S2 and S3) and the orientation and
arrangement of the cellulose microfibrils differ between these layers.
The plant cell wall polysaccharide synthesis has been one of the most elusive studies in
recent history. Even though numerous research efforts are dedicated towards their study, very
little is known. During cell growth and differentiation, the synthesis and translocation of cell
wall components involves several thousand genes (Carpita, Tierney et al. 2001). Moreover,
many of the fully sequenced experimentally verified plant cell wall synthesis related proteins
show very less or even no sequence similarity. This only shows us that a lot more is yet to be
known about the plant cell wall architecture and biosynthesis. A comprehensive study of the
proteins involved in plant cell wall biosynthetic mechanisms is crucial to gain a better
understanding as well as a practical and economic use of this vast resource.
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1.3.

Plant Cell Wall Polysaccharides
Cellulose is a polysaccharide chain made by β-1,4-linked glucose molecules (β-1,4

glucans). It is a linear chain, insoluble and unbranched. Cellulose chains are linked to one
another by hydrogen bonding and Van der Waals force to form cellulose microfibrils
(Nishiyama, Langan et al. 2002). Cellulose comprises about one third of the total mass of the
plant cell wall which may vary from species to species (Marisol, Emmanuel et al. 2012). The
CESA proteins (cellulose synthase) are responsible for the synthesis of cellulose chains in the
plant cell. Figure 2 shows a diagram of a linear cellulose chain.

Figure 2: Figure showing a section of a cellulose chain. Figure adapted from
http:/www.easychem.com.au/production-of-materials/biomass-research/cellulose

Many different types of hemicelluloses exist in the plant cell wall. Some of the abundant
hemicelluloses are xylans, xyloglucans, mannans and mixed linkage glucans. The mannan
family of hemicelluloses can be of three types: pure mannans, glucomannans and
galactomannans. The pure mannans are formed by β-1,4-linked manosyl residues. If the
backbone also contains glucose, the chain is called glucomannan. There can also be
substitutions of α-1,6-linked galactosyl residues, which form galactomannans or
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galactoglucomannans (Chanzy, Grosrenaud et al. 1984, Zhang, Rogowski et al. 2014). The
presence of mannans serve various functions in the plant cell wall depending mainly on the cell
type and the plant species. Some of these functions include conferring hardness, water
insolubility, serve as storage compounds and control radicle protrusion in seeds (Buckeridge
2010). Because of this versatile nature, mannans have been a research interest for a long time.
Mannans in the plant cell wall have been experimentally and phylogenetically shown to be
synthesized by CslA proteins of the glycosyltransferase 2 family (Dhugga, Barreiro et al. 2004,
Liepman, Nairn et al. 2007). Some research also link CslD proteins with the synthesis of
mannans and glucomannans (Verhertbruggen, Yin et al. 2011), but more light needs to be shed
on this topic.
Xyloglucans are polysaccharides with a β-1,4-linked glucan chain backbone with
frequent α-D-xylose branches linked to the backbone at the C-6 position. The frequency of the
xylose branches may change from plant to plant. Some plants also have a less frequent β-Dgalactose attached to the xylose branches and even less proportions of L-fucose-α-(1,2)-Dgalactose branches (FRY 1989). The synthesis of xyloglucans is linked with the CslC proteins
based on current research (Cocuron, Lerouxel et al. 2007). Figure 3 shows a schematic model
of a xyloglucan chain which mostly contain a XXXG, XXLG, XXFG, and XLFG subunits.
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Figure 3: Schematic diagram of a xyloglucan chain. Figure adapted from (Somerville, Bauer
et al. 2004)

Xylans are made up of a backbone of 1,4-linked β-D xylosyl residues occasionally
substituted with glucuronic acid or arabinose (Timell 1967). The addition of side chains of
glucuronic acid and/or 4-O-methyl glucuronic acid form(s) the glucuronoxylans (GX). If side
chains of arabinose are present, the xylan chain is referred to as arabinoxylans (AX). If the side
chains are a combination of acidic and neutral sugars, it forms glucuronoarabinoxylans (GAX).
Apart from these, a xylan chain may also have galactose in their side chains (Zhong, Teng et
al. 2014). Xylans are the second most abundant cell wall polysaccharides after cellulose in the
secondary cell wall of dicots and all walls of grasses. As a major hemicellulose, xylans
contribute to the recalcitrance of the plant cell wall hindering the biochemical use of the plant
biomass as biofuels. Xylans have been shown to decrease the luster of final product during
paper manufacture. Xylans also contribute to a loss of nutrition in the animal feed production.
Apart from these negative impacts, xylans also contribute as an important component of dietary
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fiber, enhance brewing properties of grains and is used as an ingredient in baking products.
Xylan can also be converted to xylitol, a natural food sweetener and a dental cavity reducer
(Faik 2010). With so many practical implications, xylan presents an important sector of research
to realize the ultimate goal of using the plant cell wall resource for various purposes. Figure 4
shows a schematic diagram of the arrangement of monomers in a glucuronoarabinoxylan
(GAX) chain.

Figure 4: Schematic diagram of a glucuronoarabinoxylan chain. Figure adapted from
(Somerville, Bauer et al. 2004)

Xylans were previously believed to be synthesized by members of the Csl family similar
to other hemicelluloses, however research showed an absence of Csl genes in the secondary
cell wall-forming wood cells in poplar (Aspeborg, Schrader et al. 2005, Suzuki, Li et al. 2006).
There have been reports that suggest a combined activity of xylosyltransferases,
glucuronosyltransferases, arabinosyltransferases, methyltransferases and acetyltransferases
towards xylan biosynthesis (Baydoun, Usta et al. 1989, Kuroyama and Tsumuraya 2001,
Porchia, Sorensen et al. 2002). One of the reasons for such a diverse and complicated synthetic

13
biosystem for the xylans could very well be due to the presence of a complex tetrasaccharide
structure at the reducing end of the glucuronoxylan chain (Pena, Zhong et al. 2007). Presence
and absence of this tetrasaccharide end greatly affects the amount of xylan present in the cell
wall, which differs from species to species. In grasses, glucoarabinoxylans (GAX) are found in
high amounts. Xyl-arabinofuranosyl side chains, feruloyl groups on the C-5 position of
arabinofuranose are some features unique to the GAX chain in grasses (Faik 2010). Dicots
usually contain a xylan chain with a linear backbone of 1,4-linked β-D xylosyl residues with
about 20% of the xylosyl residues substituted at O-2 with methylglucuronic acid. The reducing
end contains a complex tetrasaccharide β-d-Xylp-(1→3)-α-l-Rhap-(1→2)-α-d-GalpA-(1→4)d-Xylp. The synthesis of this reducing end, elongation, and synthesis of xylan chain is estimated
to require at least eight different enzymes (Lee, Zhong et al. 2012).

1.4.

CAZymes
Carbohydrate Active Enzymes (CAZymes) are the enzymes that are involved in the

biosynthesis, modification, binding and catabolism of carbohydrates and other molecules in
which glycosidic bonds are found. In the context of cell wall synthesis, CAZymes are
responsible for the synthesis and modification of the polysaccharides that make up the cell wall.
CAZymes are classified into four enzymatic class domains Glycosyltransferases (GTs),
glycosylhydrolases (GHs), polysaccharide lyases (PLs) and Carbodydrate esterases (CEs) and
one non enzymatic class domain Carbohydrate Binding Modules (CBMs). A manually curated
and annotated database, CAZy (www.cazy.org) aims to enlist all the carbohydrate active
enzymes that are known and keep adding new enzymes as they are found (Lombard, Golaconda
Ramulu et al. 2014). This database also serves as a reference for CAZymes. The CAZy database
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further groups the CAZymes and their domains into standardized families within the above
mentioned class domains. This grouping is mainly based on the amino acid sequences of the
enzymes, and is correlated more closely with protein fold than enzyme/ligand specificity
(Cantarel, Coutinho et al. 2009). CAZy also incorporates other important data on the listed
CAZymes ranging from taxonomy of protein containing organisms to any published structural
information.
A database called dbCAN (database for automated carbohydrate active enzyme
annotation) (http://csbl.bmb.uga.edu/dbCAN/) serves as an efficient server that uses hidden
Markov model based profiles to search and annotate new sequences as specific family of
CAZymes (Yin, Mao et al. 2012). Along with these models, this database has also derived a
signature domain for all the CAZyme families based on CDD (Conserved Domain Database)
search and previous literature. These profiles act as a foundation for building the database
created by our lab, Plant CAZyme.
While CAZy houses CAZymes from all the taxa, Plant CAZyme focused only on the
CAZymes found in plants (http://cys.bios.niu.edu/plantcazyme/) (Ekstrom, Taujale et al. 2014).
This database also groups CAZymes into their respective class domains and further into their
families. Along with the full length sequences and only the CAZyme domains from within the
full sequences, this database also allows the users to download hmmer profiles for each of the
families within the domain classes of CAZymes. With options for BLAST searches against the
Plant CAZyme database online and to annotate new sequences based on similarity searches,
this database proves to be an excellent resource for working with CAZymes focusing on plants.
Figure 5 shows a screenshot of the home page of Plant CAZyme. This home page houses links
that allow browsing of the CAZymes based on species name or the family of enzyme. It also
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provides the links for BLAST searching a query protein against the Plant CAZyme database
and annotation for a predicted CAZyme sequence.

Figure 5: Screenshot of the home page of Plant CAZyme database

CAZyme Analysis Toolkit (CAT) also provides a web based interactive framework for
the identification and annotation of CAZymes from newly sequenced genomes (Park, Karpinets
et al. 2010). This toolkit provides two annotation pipelines, a sequence similarity based
approach which uses similarity searches like BLAST against the non redundant sequences from
the CAZy database and another Pfam based annotation approach, which uses an inter-family
association rule. This is inferred using algorithms based on associations observed between
families in existing sequences in the CAZy database (Park, Karpinets et al. 2010). In both
approaches, this toolkit makes use of the non redundant CAZy database information.
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1.5.

Glycosyltransferases (GTs)
Glycosyltransferases are the enzymes that are involved in catalyzing the formation of

glycosidic bonds between donor sugar substrate molecule and another acceptor molecule, which
may be a mono-or-polysaccharide, a protein or a lipid (Scheible and Pauly 2004). These are the
enzymes responsible for connecting the monomeric units into long polymers via glycosidic
bonds. GTs can be classified as either retaining or inverting enzymes according to the substrates
and reaction products (Sinnott 1990). GTs are present in a wide range of organisms from
prokaryotes to eukaryotes and are a very integral part of cell function. Their functions range
from storage, signaling to synthesis of biopolymers. In the eukaryotes, most glycosylation
reactions occur in the Golgi complex and this is where most of the GT enzymes are localized.
GTs that reside in the Golgi are type II transmembrane proteins (Breton, Šnajdrová et al. 2006).
In plants, the GT family is highly diverse and catalyze a wide variety of reactions with different
donor and acceptor substrates (Henrissat and Davies 2000, Coutinho, Stam et al. 2003). Many
of the families of GTs in plants have been functionally and experimentally characterized to be
responsible for the synthesis of different cell wall polysaccharides like cellulose, pectins, and
hemicelluloses. There are 97 families of glycosyltransferases listed in the CAZy database
whereas only 53 of them are present in the Plant CAZyme database, which indicates that only
these 53 families of GT are associated with plants.
The GT2 domain family is one of the largest among all of these GT families. The
enzymes in this family are categorized as inverting enzymes and change the conformation of
the anomeric carbon of the transferred group upon formation of the glycosidic bond (Hansen,
Bettler et al. 2010). The proteins of the GT2 family have been found to include the
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glycosyltransferase characteristic GT-A type fold in their 3D structure. This family contains the
CesA superfamily of genes that code for the cellulose synthase (CesA) proteins involved in the
biosynthesis of cellulose, the most abundant polysaccharide in plant cell wall. It also contains
the cellulose synthase like (Csl) genes which code for proteins involved in the synthesis and
elongation of different types of hemicelluloses (Yin, Huang et al. 2009, Scheller and Ulvskov
2010, Popper, Michel et al. 2011).
The CesA genes and their protein products are one of the most highly studied genes
among all the families of GTs, mainly due to their role in cellulose synthesis. The roles of these
proteins in cellulose synthesis has been experimentally verified in different organisms (Saxena,
Brown et al. 2001, Song, Shen et al. 2010, Vishwakarma 2012) and some CesA proteins also
have a solved crystallographic 3D structure (Morgan, Strumillo et al. 2013). The publication of
a recent crystal structure of a bacterial CesA protein has boomed structural studies of CesA and
related families. This closely related model was used as a template for the 3D structure
prediction of a cotton CesA protein (Sethaphong, Haigler et al. 2013). In higher plants, the
CesA proteins are proposed to form a hexameric rosette structure cellulose synthase complex
which involves at least 10 CesA isoforms (Doblin, Kurek et al. 2002). In Arabidopsis, a
stoichiometric ratio of 1:1:1 has been experimentally established to exist between CesA4,
CesA7 and CesA8 in this rosette complex (Hill, Hammudi et al. 2014).
However, the study of hemicelluloses and the proteins involved in their synthesis still
remains elusive. There have been indications and experiments that suggest the proteins involved
in the synthesis of some of the hemicelluloses like mannan and glucomannan (Liepman, Nairn
et al. 2007), xyloglucan (Cocuron, Lerouxel et al. 2007) whereas for many other hemicelluloses,
nothing is certain. Part of this elusion could be attributed to the fact that hemicelluloses have a
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heterogeneous nature which requires multiple GT families to be involved in their synthesis
which consequently makes it difficult to identify the exact families involved in specific
hemicellulose synthesis. CslA family of genes are known to code for proteins involved in the
synthesis of mannans. There are no structural models available for this family of proteins. So
many functional questions still remain unanswered. Phyogenetically, CslA proteins are closely
related to CslC family. These two families are relatively distant from CesA and other Csl
families suggesting a diversity in sequence and function compared to other GT2 families (Yin,
Huang et al. 2009). CslA proteins have been found to exist in lower plants and bacteria as well.
So the ancestry of CslA relative to CesA is quite similar. This fact added to the phylogenetic
distance with other GT2 families suggest an ancient, important and different role of CslA
proteins one if which now is proven to be mannan synthesis.
The GT43 domain family of proteins are found across kingdoms. This family is also
categorized as inverting enzymes. In humans, there are 3 glucuronosyltransferase GT43
proteins – GlcAT-S, GlcAT-P and GlcAT-I. Crystal structures for all three of these proteins are
published (Pedersen, Tsuchida et al. 2000, Kakuda, Shiba et al. 2004, Shiba, Kakuda et al.
2006). These enzymes have been functionally characterized to be involved in the synthesis of
glycosaminoglycan and a surface carbohydrate epitope Human Natural Killer 1 (HNK1) which
is primarily expressed in the brain (Fondeur-Gelinotte, Lattard et al. 2006). In plants, these
proteins have been shown to be involved in the elongation of the xylan chain (Lee, Zhong et al.
2012, Lee, Zhong et al. 2012). They are localized in the Golgi complex inside the plant cell
(Lee, Zhong et al. 2012). Four GT43 proteins have been identified in Arabidopsis- AtIRX9,
AtIRX9-like, AtIRX14 and AtIRX14-like. Two of these, AtIRX9 and AtIRX14 have been
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experimentally associated with the synthesis of xylan backbone (Brown, Goubet et al. 2007,
Lee, O'Neill et al. 2007, Wu, Hornblad et al. 2010).

1.6.

Conclusion
Plant cell walls present a novel, viable and renewable resource for biofuel, animal feed

and other important applications. Proper understanding of the mechanisms and systems
coordinating synthesis, modification and translocation of the polysaccharides that make up this
huge resource could be the key towards practically realizing all of its applications in an
economically feasible manner. It is imperative that we develop knowledge about the evolution
of the enzymes related to the synthesis of these polysaccharides first so that controlled methods
can be applied to manipulate the functioning of these enzymes to obtain the desired results.
Though this past decade has experienced an exponential increase in the research efforts towards
this topic, current advances are mostly limited by the various approaches taken to answer the
evolutionary questions hovering around these proteins. Availability of whole genome
sequences for species of all major taxa of plants hasn’t been achieved yet. As a result, there are
major gaps in the evolutionary study of these proteins. Lack of structured models for these
proteins pose another major setback in the research efforts. This study aims to alleviate these
issues by implementing a dynamic approach to conduct an evolutionary as well as structural
analysis focusing mainly on the GT43 family of proteins. For the GT43 family of proteins, this
study assimilates RNA-Seq data from 2 hornworts, 5 liverworts, 3 ferns and 15 CGA species
with the complete genomic data for previously categorized plant species from other taxa along
with data from metazoans and other lower eukaryotes to conduct an in-depth phylogenetic
analysis. By in silico prediction of 3D structure for 2 Arabidopsis model GT43 proteins, this
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study aims to provide insights on the functional details of this family of protein in plants. A 3D
structural prediction and analysis is also conducted for a model CslA protein from guar
(Cyamopsis tetragonoloba) which will aid in understanding the molecular basis for the
functioning of CslA proteins for mannan synthesis. In summation, this study will provide a
complete phylogenetic analysis for a family of glycosyltransferases GT43 and computational
structural insights into 2 families of proteins, GT43 and CslA.

CHAPTER 2
EVOLUTIONARY AND PROTEIN TERTIARY STRUCTURAL
ANALYSES OF XYLAN BIOSYNTHESIS-RELATED
GLYCOSYLTRANSFERASE FAMILY 43*
2.1.

Summary
The glycosyltransferase family 43 (GT43) is thought to be only present in animals and

plants. Plant GT43 is known to be involved in the synthesis of xylan backbones. We have
studied the evolution and function of GT43 proteins by integrating sequence motif, phylogeny,
expression and protein tertiary structure analyses. We provide evidence that GT43 proteins are
also found in early eukaryotes such as fungi, Chlorophyta and Charophyta green algae (CGA).
We suggest a revision of the classification of GT43 family into four clades: A, B, C and D. D
only contains non-plant proteins, C contains exclusively green algal proteins and A/B contain
land plant and CGA proteins. B includes AtIRX14 (Arabidopsis IRREGULAR XYLEM14)
orthologs in all plant taxa spanning from CGA to angiosperms. A is further classified into five
subclades: A1, A2 and A3 are angiosperm-specific; A1 contains AtIRX9L, A3 contains AtIRX9
and A2 does not contain Arabidopsis proteins; A4 contains earlier land plant proteins and A5
is CGA-specific. The predicted 3D structures of AtIRX9 and AtIRX14 together with mapped
substrate binding motifs support the model that AtIRX9 and AtIRX14 form a protein complex
in which AtIRX9 might not be catalytically active.

*

Accepted at PLoS ONE
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2.2.

Introduction
Plant cell walls are rich in various structural polysaccharides, including celluloses,

hemicelluloses and pectins. These polysaccharides together with lignins form the major
chemical components of plant biomass, the largest renewable resource for biofuel and
biomaterial production (Ragauskas, Williams et al. 2006). Among these polysaccharides, after
celluloses, xylans are the second most abundant in woody plants. As the major hemicelluloses,
xylans fill the space between cellulose microfibrils, cross-link with other hemicelluloses,
pectins and lignins to strengthen the highly complex plant cell walls. In addition, xylans also
have significant food, medical and industrial applications, e.g. as important food additive in
flour for better flavor (Faik 2010, Pauly, Gille et al. 2013).
The past few years have seen much progress in elucidating the biosynthesis of xylans,
which has been summarized in a few recent review papers (York and O'Neill 2008, Faik 2010,
Scheller and Ulvskov 2010, Doering, Lathe et al. 2012, Pauly, Gille et al. 2013, Rennie and
Scheller 2014). Using forward genetics approach (genetic screening mutants with irregular
xylem phenotype) two GT43 proteins (AtIRX9 and AtIRX14) and one GT47 protein (AtIRX10)
in Arabidopsis thaliana were suggested to be involved in the synthesis of xylan backbone
(Brown, Goubet et al. 2007, Lee, O'Neill et al. 2007, Brown, Zhang et al. 2009, Wu, Rihouey
et al. 2009, Wu, Hornblad et al. 2010). Further studies showed that their close paralogous
proteins (IRX9-like, IRX14-like and IRX10-like) might function redundantly (Brown, Goubet
et al. 2007, Wu, Hornblad et al. 2010). A recent study suggested that these proteins might work
together as a large protein complex (Zeng, Jiang et al. 2010, Rennie and Scheller 2014). In
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addition, other GT proteins particularly those of GT47 and GT8 families, were also indicated
to play a role in xylan backbone synthesis (Brown, Goubet et al. 2007, Lee, Zhong et al. 2007,
Pena, Zhong et al. 2007).
Despite the numerous functional studies, only three reports have been published with
some preliminary phylogenetic and sequence motif analyses of GT43 proteins (FondeurGelinotte, Lattard et al. 2006, Anders and Dupree 2010, Kulkarni, Pena et al. 2012). In the
CAZy (Carbohydrate Active enZyme) database (Lombard, Golaconda Ramulu et al. 2014),
GT43 is a small protein family having all its members from either plants or animals. According
to http://www.cazy.org/GT43.html, four Arabidopsis proteins have β-1,4-xylosyltransferase
(EC: 2.4.2.-) activity and eight animal proteins have β-1,3-glucuronyltransferase (EC:
2.4.1.135) activity. Phylogenetic analysis using GT43 homologs from 8 representative species
(5 plants and 3 animals) demonstrated that plant and animal proteins are well separated in the
phylogeny and there are three major plant GT43 clades (monophyletic clusters) (Anders and
Dupree 2010). Three human GT43 proteins (GlcAT-I, GlcAT-P and GlcAT-S) have solved 3D
structures in the PDB (protein data bank) database (Pedersen, Tsuchida et al. 2000, Kakuda,
Shiba et al. 2004, Shiba, Kakuda et al. 2006), which could be extremely useful for modeling
structures of plant GT43 proteins to understand their molecular functions. By referring to the
three human proteins, sequence analysis of GT43 proteins identified eight substrate-interacting
motifs conserved in all animal proteins and some in plant proteins as well (Fondeur-Gelinotte,
Lattard et al. 2006).
While the GT43 family was suggested to be only present in animals and land plants, it
is difficult to understand why this protein family lost its root in the more ancient early
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eukaryotes and prokaryotes. Moreover, no efforts have been made to take advantage of the PDB
structures to model plant proteins. This is in contrast to two other important GT families
involved in plant cell wall biosynthesis, GT2 and GT8. These two families have a number of
research papers recently published, which revealed significantly new insights into the evolution
and function of the two families in plants, through in-depth sequence, motif, phylogeny and
protein structure analyses (Yin, Chen et al. 2010, Sethaphong, Haigler et al. 2013, Slabaugh,
Davis et al. 2014, Yin, Johns et al. 2014).
Bearing all these knowledge gaps in GT43 research in mind, we have conducted a
substantial structural and evolutionary analysis of GT43 proteins. The goal was to use
bioinformatics approaches to, at least partially, fill these gaps and to improve our overall
understanding of the evolution and function of plant GT43. In this paper we presented: (i)
phylogenetic analysis of GT43 homologs in various organisms, particularly in early eukaryotes
and in early branched plants such as gymnosperms, ferns, mosses, liverworts, hornworts and
Charophyta green algae (CGA); (ii) motif analysis of the GT43 homologs in early eukaryotes
and early plants; (iii) sequence feature analysis such as GT43 gene copy numbers and gene
structures as well as expression analysis in selected plants; and (iv) protein 3D structure analysis
of AtIRX9 and AtIRX14. To our knowledge this is the most comprehensive bioinformatics
study that took an integrative approach to the better understanding of the evolution and function
of plant GT43.
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2.3.

Methods

2.3.1. Sequence and microarray data sources

GT43 protein sequences of fully sequenced land plant genomes were downloaded from
PlantCAZyme database (Ekstrom, Taujale et al. 2014), which was developed by us recently.
Briefly, protein sequences in PlantCAZyme were collected by running HMMER 3.0 (Eddy
2011) using the GT43 signature domain hidden Markov model (HMM) as the query (Yin, Mao
et al. 2012) to search against fully sequenced plant genomes from Phytozome database
(Goodstein, Shu et al. 2012).
For Arabidopsis, GEO microarray data sets GSE5629-GSE5634 from GEO database
were used (http://arabidopsis.info/); for poplar, GSE6422 was used (Yang, Kalluri et al. 2008);
for rice, GSE21494 was used (Sato, Antonio et al. 2011); and for switchgrass, microarray data
from (Zhang, Lee et al. 2013) was used.

2.3.2. Pipeline for data mining of RNA-Seq data

The computational pipeline shown in Figure A2 was used to retrieve homologous reads
to GT43 proteins and to assemble them into longer transcripts for further motif and phylogenetic
analyses. Details about the pipeline were explained in (Yin, Johns et al. 2014). In this new
pipeline we used Velvet (Zerbino and Birney 2008) and Oases (Schulz, Zerbino et al. 2012) to
assemble

the

Illumina

reads.

VelvetOptimiser

(http://www.vicbioinformatics.com/software.velvetoptimiser.shtml) was used to optimize the
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assembly parameters as suggested by (Zerbino 2010). Only assembled transcripts that led to
peptide sequences longer than 100 amino acids and matching GT43 proteins of PlantCAZyme
database (E-value < 1e-10) and containing GT43 domains (E-value < 1e-10) were kept for
further analyses.
2.3.3. Phylogenetic analysis

All the multiple sequence alignments (MSAs) were generated using MAFFT v7.158b
with the L-INS-i method (Katoh and Standley 2013), which is among the most accurate
sequence alignment algorithms. Unless specifically indicated, all MSAs were not manually
edited, because manual editing sequences are rather subjective and impossible for others to
reproduce. All phylogenies were built using RAxML 8.0 (Stamatakis 2014) with the following
parameters: 100 times rapid bootstrap analysis and search for best-scoring maximum likelihood
tree (-# 100 -f a); JTT substitution model, GAMMA model of rate heterogeneity with estimate
of proportion of invariable sites (-m PROTGAMMAIJTT). This parameter setting with the
maximum likelihood algorithm implemented by RAxML is considered to be one of the most
sophisticated and accurate protein phylogeny reconstruction methods.

2.3.4. Motif analysis

To scan GT43 homologous proteins and peptides, we have derived 8 PROSITE-style
motif patterns (Table A 2) according to two previous reports (Fondeur-Gelinotte, Lattard et al.
2006, Ren, Hansen et al. 2014). We then used ScanProsite tool (de Castro, Sigrist et al. 2006)
to scan the 8 motif patterns in the 21 NCBI-nr protein sequences and 54 peptide sequences from
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plant transcriptomes. In addition, we also put another constraint on the relative location of the
motifs: (i) motifs 1 and 2 must appear in the first half (N-terminal) of the full length sequence;
(ii) motifs 7 and 8 must appear in the second half (C-terminal) of the full length sequence and
(iii) the rest motifs must appear in the middle part of the sequence.

2.3.5. Protein 3D structure analysis

Protein structures of AtIRX9 and AtIRX14 were predicted using the online I-TASSER
server (Roy, Kucukural et al. 2010), which is one of the best template-based protein 3D
structure prediction servers. Before the prediction, the long N- and C-terminal regions of the
two proteins that are not aligned to the template GlcAT-I (PDB: 1kws) were removed. ITASSER firstly generated a target-template alignment from multiple threading programs and
then the alignment was subject to iterative structure refinement to get the final atomic
coordinates. Target-template superimposition shown in Figure 10 and Figure 11 was performed
by using TM-Align (Zhang and Skolnick 2005). Electrostatic potential surface shown in Figure
12 was predicted using APBS program (Baker, Sept et al. 2001) in PyMOL (www.pymol.org).

2.4.

Results

2.4.1. GT43 genes in fully sequenced plant genomes

There are 224 GT43 genes from 33 fully sequenced land plant genomes annotated in
the PlantCAZyme database (Ekstrom, Taujale et al. 2014). Among the 33 land plants, monocots
have the most GT43 genes (range 10 to 19), more than dicots (4 to 13), gymnosperms (4 in
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Picea abies), spike moss (3 in Selaginella moellendorffii) and moss (5 in Physcomitrella
patens). Two Chlorophyta green algae (Chlamydomonas reinhardtii and Volvox carteri) that
are included in the database do not contain any GT43 homologs. We have also mined the very
recently sequenced Klebsormidium flaccidum genome (Hori, Maruyama et al. 2014) and found
two GT43 genes. K. flaccidum belongs to CGA, which share the most recent common ancestor
with extant land plants (Wickett, Mirarab et al. 2014).
Figure 6 shows that plant GT43 proteins form three major clades in the phylogeny, in
agreement with a previous report (Anders and Dupree 2010). Among the three major clades, B
and C are well supported (bootstrap values 100 for B and 99 for C). Clades A and B are closely
related with a good bootstrap value of 89. According to this phylogeny, clade A contains
AtIRX9L (AT1G27600), B contains AtIRX14 (AT4G36890) and AtIRX14L (AT5G67230),
and C contains AtIRX9 (AT2G37090). Among the three clades, clade C seems to be the
youngest as it only consists of angiosperm proteins, while the other two also contain proteins
of gymnosperm, spike moss and moss. Of the two CGA proteins, one is basal to clade B and
the other is basal to both A and C. Compared with the other clades, C has longer branches
(especially monocot proteins) inside the clade indicating a more rapid sequence divergence.
Unlike the other two clades, the clustering of sequences in clade A is not well resolved.
The phylogenetic topology shows that clade A can be further classified: two subclades each
contain one group of monocot proteins and one group of dicot proteins; the third subclade
contains only moss and spike moss proteins.
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Figure 6: Phylogeny of 226 plant GT43 proteins. The GT43 domain sequences were
downloaded from PlantCAZyme database and aligned using MAFFT program. Phylogeny was
inferred using RAxML program (see Methods). The A, B and C clades were named after (Anders
and Dupree 2010)

2.4.1.1. Sequence features and expression profiles of GT43 genes from selected plants

We have further selected seven plants and compared sequence features of their GT43
genes among different GT43 clades. The phylogeny shown in Figure 7 suggests that clade C
(AtIRX9) is more likely to have evolved within clade A through gene duplication and rapid
sequence divergence. Hence we propose to rename clade C as A3, as one of the three
angiosperm subclades within clade A, where A1 contains AtIRX9L while A2 does not contain
any Arabidopsis genes. Table 1 shows that monocots have significantly more GT43 genes than
other plants especially in subclade A3, consistent with the fact that the cell walls of monocot
have higher xylan content (Scheller and Ulvskov 2010). With respect to the average sequence
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length, in all plants (except for Norway spruce that has gene models not well annotated) clade
B proteins (containing AtIRX14 and AtIRX14L) are always the longest and in many cases A3
(AtIRX9) proteins are shortest. As for GC content, in dicots subclade A3 seems to be the lowest
while in monocots subclade A2 is the lowest. These observations tend to be true even when
more plant genomes are examined.
Gene structure: As shown in Figure 7, the gene structure is more similar intra-clade than interclade, although no significant difference is observed in angiosperms between different clades
in terms of the number of coding exons (also see Table 1). However, angiosperm genes have
an additional intron inserted in either the 3’-UTR (subclade A1) or the 5’-UTR (subclade A2).
Early plant genes in clade A tend to have more coding exons. In subclade A3, the variation in
intron length is very obvious in monocots: some genes have much longer intron length; there
are also four switchgrass A3 genes being intronless and short in length, an indication of
retrotransposed genes. The relative nonconserved gene structures in subclade A3 further
suggest that this subfamily of GT43 has undergone rapid evolution.
Duplication: We have studied the impact of duplications in plant GT43 family expansion. By
analyzing syntenic block data downloaded from PGDD (plant genome duplication database)
(Lee, Tang et al. 2013), we found over 50% of GT43 genes in Arabidopsis, poplar, rice and
moss are in syntenic blocks (Table 2), meaning that they were derived from genome-wide
duplications (polyploidy and large segmental duplications). None of the three spike moss genes
are syntenic. Only five of the 19 switchgrass GT43 genes are found in syntenic blocks, which
were predicted using MCSCAN program (Wang, Tang et al. 2012), probably because this
genome is not well assembled and annotated. Tandem duplication is another important gene
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duplication mechanism; however no locally tandem duplicated GT43 genes are found in any of
the surveyed plants. This result suggests that genome duplication played a more important role
than tandem duplication in the family expansion of plant GT43.

Table 1: GT43 genes in seven land plants
Plant class

Species
Arabidopsis
thaliana

Dicot

Average coding exon #

Total

4
1

1296.6
length
1185

44.79
GC
46.41

3

A1
A3 (AtIRX9)
(AtIRX9L)
B (AtIRX14)

1

1056

41.09

3

2

1528.5

45

3

1183.5

44.37

3

3

7

A1

1

1188

45.11

3

trichocarpa

A2

2

997.5

44.19

3

A3

2

1077

42.01

3

B

2

1522.5

46.4

3

Total

10

1260.86

57.44

3.2

A1

2

1101

61.56

3

A2

2

1348.5

47.06

3

A3

4

1257.75

62.34

3.5

B

2

1458

65.5

3

1087.43

62.45

2.53

Total

19

Panicum

A1

3

1102

63.51

3

virgatum

A2

4

1347.75

47.45

3

A3

8

795

67.66

2

B

4

1405.5

67.06

2.75

Total

4

1053.25

44.44

3.5

A

2

1176

42.7

5

B

2

930.5

46.19

2

Total

5

1375.8

49.77

4

A

2

1288.5

51.08

4

B

3

1434

48.9

4

Total

3

1206

55.66

3.33

A

1

783

54.15

3

B

2

1417.5

56.42

3.5

Picea abies

Physcomitrella
patens

Spike moss

Average

Total

Monocot

Moss

Average

Populus

Oryza sativa

Gymnosperm

Count

Selaginella
moellendorffii
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Expression: To study the expression profile of GT43 genes in different plants, we have
analyzed microarray data of four angiosperms: Arabidopsis, poplar, rice and switchgrass (see
Methods for microarray data sources). Some general patterns of gene expression emerged in
Figure 8: (i) clade B and A3 genes are much more highly expressed in woody tissues (e.g.
stems, nodes, internodes, roots); (ii) clade B and A3 genes tend to have a low expression level
in non-woody tissues, which is particularly evident for A3 genes; for example, AtIRX9 has the
most drastic change in its expression: it is the most highly expressed in woody tissue but the
most lowly expressed in many other tissues (see Figure A1 for more non-woody tissues); (iii)
subclade A1 and A2 genes tend to be expressed at lower levels but almost evenly and widely
expressed across all tissues; (iv) if multiple gene copies exist in one clade/subclade, usually one
of them is more highly expressed than others in almost all tissues, e.g. AtIRX14 > AtIRX14L,
PtrGT43C > PtrGT43D, PtrGT43A > PtrGT43B, OsGT43J > OsGT43I, OsGT43A > other A3
genes, Pavirv00049604m > other B genes, Pavirv00043409m > other A3 genes.
(i) and (iii) have been observed in a recent study in poplar (Ratke, Pawar et al. 2014);
we further showed here that these are generally true in more plants. The distinct expression
patterns of GT43 genes in four plant organisms suggest that AtIRX9L and AtIRX14L are not
simply the redundant copies of AtIRX9 and AtIRX14 respectively. Observation (iv) also
suggests that although monocots have a higher number of paralogous genes in each GT43 clade,
these genes are not equally important.
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Figure 7: Intron-exon gene structures of genes in Table 1. 52 proteins were used to build the
phylogeny using RAxML program (see Methods). Gene structures of these 52 proteins were
plotted on the right using the GSDS server (Guo, Zhu et al. 2007). All the protein IDs could be
searched at Phytozome (Goodstein, Shu et al. 2012). Poplar gene names (eg. PtrGT43A) were
adopted from (Lee, Teng et al. 2011) and rice gene names (eg. OsGT43A) were adopted from
(Lee, Teng et al. 2014).

34
Table 2: GT43 genes that are found in syntenic blocks indicating origin from whole genome
duplications
Species

Genes found in syntenic blocks

Gene Name

Clade

A. thaliana (2/4)

AT4G36890 - AT5G67230

AtIRX14-AtIRX14L

B-B

PtrGT43D-PtrGT43C

B-B

PtrGT43A-PtrGT43B

A3 - A3

PtrGT43G-PtrGT43F

A2 - A2

OsGT43F - OsGT43E

A2 - A2

OsGT43B - OsGT43C -

A3 - A3

OsGT43A

- A3

Pp1s1_540V6 - Pp1s52_108V6

.

A-A

Pp1s248_13V6 - Pp1s78_128V6

.

B-B

.

.

.

.

A3 - A3

Potri.005G141500 Potri.007G047500
P. trichocarpa (6/7)

Potri.006G131000 Potri.016G086400
Potri.006G240200 Potri.018G039900
LOC_Os01g48440 LOC_Os05g48600

O. sativa (5/10)

LOC_Os03g17850 LOC_Os07g49370 LOC_Os05g03174

P. patens (4/5)
S. moellendorffii
(0/3)

Pavirv00014028m Pavirv00041022m
P. virgatum (5/19)

Pavirv00020159m Pavirv00023302m Pavirv00068635m

.

A2 - A2
- A2
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Figure 8: Expression profiles of GT43 genes in Arabidopsis (A), poplar (B), rice (C) and
switchgrass (D). Some genes do not match any probes in the microarray and were not included
in this Figure. In figure legends, A1, A2, B and A3 are the clade name followed by the gene
names according to Figure 7. Briefly, for each tissue, genes are ordered and colored based on
their clades: A in reddish colors, B in bluish colors and C in yellowish colors. The y-axis shows
the expression values from microarray data. A complete version of this figure is available as
Figure A1.
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2.4.1.2. Predicted 3D structures and sequence motifs of AtIRX9 and AtIRX14

Protein structure prediction has recently been used to study GT2 and GT8 proteins in
plants (Yin, Chen et al. 2010, Sethaphong, Haigler et al. 2013, Kumar and Turner 2014, Olek,
Rayon et al. 2014, Slabaugh, Davis et al. 2014) and proved to be a very useful approach to
elucidating the molecular mechanism of cell wall-related enzymes. Three human GT43
proteins, GlcAT-I, GlcAT-P and GlcAT-S, have experimentally solved 3D structures in the
PDB database (Pedersen, Tsuchida et al. 2000, Kakuda, Shiba et al. 2004, Shiba, Kakuda et al.
2006). In order to understand the functional specialization of plant GT43 enzymes, we have
predicted 3D structures for AtIRX9 and AtIRX14 using GlcAT-I structure (PDB code: 1kws)
as template and further inspected these structures along with the multiple sequence alignment
shown in Figure 9.
Predicted structure: The solved GlcAT-I crystal structure did not include its N-terminal region
(positions 1-74) (Pedersen, Darden et al. 2002). Therefore based on the sequence alignment in
Figure 9, we have selected positions 111-351 in AtIRX9 and 156-448 in AtIRX14 respectively,
for protein structure prediction using the I-TASSER web server (see Methods), as these regions
correspond to positions 75-335 in GlcAT-I that are structurally determined. Both AtIRX9 and
AtIRX14 structures have a good C-score (1.4 and 0), which measures the quality of the
predicted structure based on the number, root mean square deviation (RMSD) values and the
Z-scores generated during threading for the templates used in predicting the structure.
According to the documents in the I-TASSER server (Roy, Kucukural et al. 2010), any C-score
between -5 and 2 is a good score and within that range the higher the better.
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Figure 10A shows the superimposed structures of GlcAT-I and AtIRX9 and Figure 10B
shows the superimposed structures of GlcAT-I and AtIRX14, with the substrate donor (UDPGlucuronic acid or UDP-GlcA) of GlcAT-I included. The predicted structures and the template
are aligned fairly well: root mean square deviation between the two structures are 5.5 Å for
Figure 10A and 5.4 Å for Figure 10B. There are one unique region (UR1 aa 247-249) in
AtIRX9, two unique regions (UR1 aa 293-320 and UR2 aa 339-352) in AtIRX14 and one
unique region (UR1 aa 171-186) in GlcAT-I. Interestingly, the UR regions in AtIRX9 and
AtIRX14 are all overlapping with or located very close to regions known to form the proteinprotein complex in the template (see details below).
Substrate binding residues: According to previous literature (Pedersen, Tsuchida et al. 2000,
Fondeur-Gelinotte, Lattard et al. 2006), in Table 3 we have listed 17 key amino acid residues
of GlcAT-I that interact with different parts of UDP-GlcA donor, trisaccharide Galβ1-3Galβ14Xyl acceptor and Mn2+. These residues are also labeled in the alignment (Figure 9, triangles:
donor sites, stars: acceptor sites). Based on this alignment, in Table 3 we also enumerated
residues in five other proteins corresponding to the 17 amino acid positions. Almost all the 17
residues remain the same in human GlcAT-P and GlcAT-S proteins. However a great variation
is found in the three Arabidopsis proteins. Specifically, among the 17 residues: (i) only 4 remain
the same in AtIRX9 and the rest are all changed, including the characteristic DXD motif (D194,
D195, D196 in GlcAT-I) changed to GLN and the catalytic E residue (E281 in GlcAT-I)
changed to D; (ii) 8 residues are the same in AtIRX14 (also in AtIRX14L) including most of
the donor interacting residues and the catalytic E residue; and (iii) 12 are unchanged in

38
AtIRX9L including all the residues interacting with the GlcA moiety of the donor and even the
residues interacting with the acceptor.

Figure 9: Sequence alignment of human and Arabidopsis GT43 proteins. Human proteins
GlcAT-I (UniProt ID: O94766), GlcAT-P (Q9P2W7), GlcAT-S (Q9NPZ5) and Arabidopsis
proteins AtIRX9, AtIRX9L and AtIRX14 were used to build the alignment using MAFFT
program (Katoh and Standley 2013). The alignment graph was generated using ESPript server
(Gouet, Robert et al. 2003), which also took the PDB format structure files of GlcAT-I (1kws),
AtIRX9 (predicted), AtIRX9L (predicted) and AtIRX14 (predicted) to display their secondary
structures. Arrows and stars indicate residues in GlcAT-I structure that interact with UDPGlcA (sugar donor) and trisaccharide Galβ1-3Galβ1-4Xyl (sugar acceptor). Yellow shaded
regions indicate protein-protein interaction (PPI) regions reported in GlcAT-I structure
(Pedersen, Tsuchida et al. 2000). Green shaded regions indicate weakly aligned regions that
do not overlap with PPI regions.

39

Figure 10: Superimposed structures of AtIRX9 (position 111-351), AtIRX14 (position 156-448)
and the template GlcAT-I (position 75-335, PDB code: 1kws). AtIRX9 (A) and AtIRX14 (B)
structures were predicted using the I-TASSER server (Roy, Kucukural et al. 2010), which is the
top template-based structure prediction server. UDP-GlcA, the sugar donor substrate of the
template, was included and shown in light blue. Unique regions (UR) that are not structurally
aligned are indicated with position information, which could be referenced to Figure 9.

The 17 binding residues were further mapped onto the predicted structures in order to
demonstrate at the atomic resolution the interactions between amino acid residues and different
moieties of the substrates. Shown in Figure 11, residues in GlcAT-I, AtIRX9 and AtIRX14
were superimposed in 3D space together with the substrates. For better presentation, we showed
separately residues interacting with different parts of the sugar donor (UDP-GlcA). Figure 11
reveals that: (i) in AtIRX9 (in blue), K155 (uridine) and P122 (ribose) have structural conflicts
with the sugar donor, K342 (phosphate) and H280 (acceptor) are too close (distance < 2Å) to
their nearest atoms of the substrate; the reason to choose 2Å is because in GlcAT-I all the spatial
distances are between 2 and 5Å; (ii) in AtIRX14 (in purple), E362 (acceptor) has conflict with
the sugar acceptor, Y169 (uridine), D262 (ribose) and R241 (GlcA) are very close to their
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nearest atoms of the substrate, R233 (phosphate) and N338 (acceptor) are too far from the
substrates. However a more careful examination of the structural superimposition found that
R233 and N338 might be mistakes derived from sequence-based alignment (Figure 9), because
it is L236 and V353 (red sticks in Figure 11) that are structurally aligned to R156 and W243 of
GlcAT-I.
It should be noted that the sugar donor for AtIRX9 and AtIRX14, if they both have the
binding activity, is likely to be UDP-Xylose. The sugar acceptor should have a β1-4 Xyl
backbone though very little is known about the acceptor in the two proteins. Therefore one
should not over-interpret Figure 11 especially for the acceptor binding residues.
Protein-protein interaction interface: In Figure 9, we also highlighted six regions (L87-L102,
D196-R201, L220-F226, H240-W243, V304-L322 and R327-V335) in GlcAT-I with yellow
background; these regions are involved in forming a homodimer complex through proteinprotein interaction (PPI) (Pedersen, Tsuchida et al. 2000). The corresponding regions in
AtIRX9 and AtIRX14 were also highlighted in the predicted structures, shown as yellow
cartoons in A through D panels of Figure 12 for AtIRX9, and E through H for AtIRX14.
Interestingly, all these regions are located on one side of the structures forming the majority of
the surface area of that side (B and F, yellow cartoons), which contains mostly loops and one
helix. More interestingly, the electrostatic surface prediction suggests that AtIRX9 and
AtIRX14 have opposite charges at this PPI interface: positive in AtIRX9 (blue color in J) and
negative in AtIRX14 (red color in M). This lends a support for the speculation that the two
proteins may form a protein complex in vivo (Oikawa, Lund et al. 2013, Rennie and Scheller
2014).
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Table 3: Key residues in human GlcAT-I protein reported in (Pedersen, Tsuchida et al. 2000,
Fondeur-Gelinotte, Lattard et al. 2007). Underlined residues are identical to the residue in
GlcAT-I. Grey-shaded residues appear twice in the Table. In AtIRX14, two cells contain two
residues, R233/L236 and N338/V353. R233 and N338 are identified from sequence alignment
in Figure 9, while L236 and V353 are identified by structural alignment (see Figure 11 for
details)
Key amino acid residues in GlcAT-I

GlcAT-P

GlcAT-S

AtIRX14

AtIRX9

AtIRX9L

Y84

Y93

Y89

Y169

I124

Y150

D113

D122

D118

A199

K155

G180

P82

P91

P87

P167

P122

P148

D195

D196

D186

D262

L216

D239

R156

R165

R155

R233/L236

E190

R213

(UDP-GlcA)

R310

R313

R302

R425

K342

H369

interacting

R156

R165

R155

R233/L236

E190

R213

R161

R170

R160

R241

R195

R218

D194

D195

D185

D261

G215

D238

D252

D254

D243

E362

H280

D302

H308

H311

H300

W423

R340

H367

E227

E228

E218

Q321

E252

E275

R247

R249

R238

Y342

E272

R295

D252

D254

D243

E362

H280

D302

E281

E284

E273

E392

D309

E339

W243

F245

W234

N338/V353

K268

E291

D196

D197

D187

S263

N217

D240

N197

N198

N188

N264

N218

N241

T309

T312

T301

L424

L341

L368

E281

E284

E273

E392

D309

E339

Uridine

Ribose

Substrate donor
Phosphate

GlcA

Substrate acceptor
(trisaccharide Galβ1-

Gal-2

3Galβ1-4Xyl)
interacting
Gal-1

Mn2+ interacting

Catalytic site
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Figure 11: Seventeen amino acid residues mapped onto the superimposed protein structures.
The template (GlcAT-I) structure and the predicted structures (AtIRX9 and AtIRX14) were
superimposed. Residues listed in Table 3 are shown in six separate panels from A to F, each
corresponding to one moiety of the sugar donor (UDP-GlcA, carbon in yellow) and the
acceptor (Galβ1-4Galβ1-SO4, carbon in green) of the template (PDB: 1kws). Amino acid
residues interacting with these moieties are shown in cyan, blue and purple colors. Two red
residues are also shown in D (Leu236) and F (Val353), as these residues are structurally
aligned according to the spatial superimposition. Dotted lines with numbers indicate the closest
atomic distance between substrate and interacting residues. If two atoms clash in the 3D space,
the concerned amino acid is labeled “(conflict)”; if they are < 2Å far apart, the concerned
amino acid is labeled “(too close)”; or if two atoms are > 8Å far apart, the concerned amino
acid is labeled “(too far)”.
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Figure 12: Protein-protein interaction interface and nonconserved regions mapped onto 3D
structures. Panel A to D shows the surface presentation of predicted structure of AtIRX9 in four
different orientations, and panel E to H shows the surface presentation of predicted structure
of AtIRX14. The PPI interface regions are shown as yellow cartoons and inferred from the
alignment shown in Figure 9 (regions aligned to yellow regions in GlcAT-I). Green surface
regions correspond to green shaded regions in Figure 9, which are weakly aligned regions.
Panel I to L show the electrostatic potential surfaces colored based on charge information for
AtIRX9; panel M to P show the electrostatic potential surface for AtIRX14. Blue means positive
charge and red means negative charge. Between panels, an equal sign (= or ||) means the two
images are in the same orientation.

Variable regions: Of the six PPI regions in GlcAT-I, L87-L102, D196-R201 and V304-K313
are relatively conserved while the other regions are highly variable in terms of sequence length
and conservation (Figure 9). For example, L220-F226 correspond to a long insertion in
AtIRX14 (Figure 10B, UR1 aa 293-320), H240-W243 correspond to a region next to the other
long insertion in AtIRX14 (Figure 10B, UR2 aa 339-352), P314-L322 and R327-V335 are at
the C-terminal end of GlcAT-I, nonconserved and corresponding to the long C-terminal of
AtIRX14 (excluded in the structural prediction).
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In addition, Figure 9 also revealed more nonconserved regions that were highlighted
with green background. These regions were also highlighted in the predicted structures, labeled
with aa positions and shown as green surfaces in A through D of Figure 12 for AtIRX9 and E
through H for AtIRX14. Like the PPI regions these nonconserved regions also tend to be located
on the surface of the structures consisting of mostly loop regions. The long C-terminal of
AtIRX14 and the N-terminal regions of all the proteins in Figure 9 were not used in the
structural prediction and these regions are also not conserved.

2.4.2. GT43 genes in early plants that do not have completed genomes

PlantCAZyme database covers GT43 proteins in fully sequenced genomes, which are
biased towards a few plant clades, namely monocots, dicots, gymnosperm, spike moss and
moss. In Figure 6, we have included two GT43 proteins from K. flaccidum, the first sequenced
charophyte green algal (CGA) species (Hori, Maruyama et al. 2014). However, CGA contain a
very diverse group of species under the Streptophyta phylum including multiple classes of green
algae: Chlorokybophyceae, Klebsormidiophyceae, Mesostigmatophyceae, Charophyceae,
Coleochaetophyceae and Zygnemophyceae. Except for K. flaccidum these CGAs together with
other major plant clades such as ferns, liverworts and hornworts do not have completed
genomes, but fortunately have a large amount of short read transcriptome (RNA-Seq) data in
GenBank. We have developed a computational pipeline to assemble these short reads, species
by species, and then mine these assembled transcripts for GT43 homologs. This pipeline has
been previously used to identify cellulose synthase like protein homologs from 454
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transcriptome data (Yin, Johns et al. 2014) and was modified here (Figure A2) to consider
shorter Illumina reads.
Using this pipeline we have mined transcriptomes of 5 liverworts, 2 hornworts, 3 ferns
and 15 CGA (Table A 1). In total, 7 liverwort hits, 3 hornwort hits, 5 fern hits and 39 CGA hits
were found. These 54 hits are assembled transcripts, whose translated peptide sequences were
inferred by tfasty program (Pearson 1991). All of these transcripts hit their best GT43 protein
match of PlantCAZyme database with an E-value < 1e-10, contain the GT43 domain and have
amino acid sequence length > 100 (Figure A2).
To be more conservative, we have further scanned the 54 translated peptide sequences
for the presence of 8 PROSITE-style (Sigrist, Cerutti et al. 2002) motif patterns shown in Table
A 2. These 8 patterns were derived (see Methods) by referring to two previous reports
(Fondeur-Gelinotte, Lattard et al. 2006, Ren, Hansen et al. 2014) in order to cover a majority
of the 17 key residues of Table 3. Because these motif patterns (Table A 2) were defined very
strictly, our automatic motif scanning approach is very conservative and may miss some
sequences that actually have some of the 8 motifs. However in this study a higher specificity is
preferred over sensitivity.
Table 4 shows that 29 of the 54 peptide sequences (6 liverwort hits, 3 hornwort hits, 3
fern hits and 17 CGA hits) have at least 3 of the motifs and 21 of them have amino acid sequence
length > 180.

Table 4: Twenty nine early plant GT43 proteins that have at least 3 of the 8 conserved motifs (the group column is based on
Figure 13)
Peptide ID

Group

Length

Species

Motifs (1: present, 0: absent)

Taxonomic group

Total # of motifs

1

2

3

4

5

6

7

8

M.emarginata|Locus_6

A4

210

Marchantia emarginata

Liverworts

0

0

1

1

1

1

1

1

6

N.vincentianus|Locus_2

A4

209

Nothoceros vincentianus

Hornworts

0

1

0

1

1

0

1

1

5

M.crassipilis|Locus_1

A4

211

Metzgeria crassipilis

Liverworts

0

0

1

1

1

1

1

0

5

S.texanus|Locus_4

A4

185

Sphaerocarpos texanus

Liverworts

0

0

0

1

1

1

1

1

5

Mougeotia|Locus_6

A5

210

Mougeotia

CGA: Zygnemophyceae

0

0

1

1

1

1

1

0

5

C.brebissonii|Locus_12

A5

211

Cylindrocystis brebissonii

CGA: Zygnemophyceae

0

0

1

1

1

0

1

1

5

O.petiolatum|Locus_1

A4

188

Ophioglossum petiolatum

Ferns

0

0

0

1

1

1

1

1

5

P.nudum|Locus_2

A4

207

Psilotum nudum

Ferns

0

0

1

1

1

1

1

0

5

N.vincentianus|Locus_1

B

240

Nothoceros vincentianus

Hornworts

0

1

0

0

1

1

0

1

4

R.natans|Locus_11

A4

189

Ricciocarpos natans

Liverworts

0

0

0

1

1

0

1

1

4

C.irregularis|Locus_1

B

295

Coleochaete irregularis

CGA: Coleochaetophyceae

0

1

0

1

1

1

0

0

4

C.cushleckae|Locus_8

A5

213

Cylindrocystis cushleckae

CGA: Zygnemophyceae

0

0

1

1

1

0

1

0

4

M.endlicherianum|Locus_1

A5

210

Mesotaenium endlicherianum

CGA: Zygnemophyceae

0

0

1

1

1

0

1

0

4

C.brebissonii|Locus_3

C

254

Cylindrocystis brebissonii

CGA: Zygnemophyceae

0

1

1

1

0

0

1

0

4

N.aenigmaticus|Locus_3

A4

125

Nothoceros aenigmaticus

Hornworts

0

0

0

0

1

0

1

1

3

M.crassipilis|Locus_3

B

235

Metzgeria crassipilis

Liverworts

0

1

0

0

1

1

0

0

3

C.irregularis|Locus_3

A5

157

Coleochaete irregularis

CGA: Coleochaetophyceae

0

0

1

0

1

0

0

1

3

C.cushleckae|Locus_1

C

243

Cylindrocystis cushleckae

CGA: Zygnemophyceae

0

1

1

1

0

0

0

0

3

C.cushleckae|Locus_4

C

161

Cylindrocystis cushleckae

CGA: Zygnemophyceae

0

1

1

1

0

0

0

0

3

C

147

Mougeotia

CGA: Zygnemophyceae

0

1

1

1

0

0

0

0

3

C

152

Cosmarium ochthodes

CGA: Zygnemophyceae

0

1

1

1

0

0

0

0

3

C.ochthodes|Locus_1

C

157

Cosmarium ochthodes

CGA: Zygnemophyceae

0

0

1

1

0

0

1

0

3

M.endlicherianum|Locus_2

C

203

Mesotaenium endlicherianum

CGA: Zygnemophyceae

0

0

1

1

0

0

1

0

3

C.brebissonii|Locus_11

C

222

Cylindrocystis brebissonii

CGA: Zygnemophyceae

0

0

1

1

0

0

1

0

3

C.brebissonii|Locus_7

C

180

Cylindrocystis brebissonii

CGA: Zygnemophyceae

0

1

1

1

0

0

0

0

3

R.obtusa|Locus_1

C

165

Roya obtusa

CGA: Zygnemophyceae

0

1

1

1

0

0

0

0

3

R.obtusa|Locus_2

C

162

Roya obtusa

CGA: Zygnemophyceae

0

0

1

1

1

0

0

0

3

A.evecta|Locus_1

A4

184

Angiopteris evecta

Ferns

0

0

0

1

1

0

1

0

3

B.trilobata|Locus_1

A4

194

Bazzania trilobata

Liverworts

0

0

1

0

1

1

0

0

3

46

Mougeotia|Locus_5
C.ochthodes|Locus_14
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2.4.3. GT43 genes in early eukaryotes

In addition to plant GT43 proteins, 90 animal GT43 proteins are included in the CAZy
database. Although neither PlantCAZyme database nor CAZy database contain GT43
homologs from early eukaryotes such as fungi and green algae, we have previously identified
a single chlorophytic green algal GT43 homolog (GenBank ID: XP_003063890.1) from
Micromonas pusilla CCMP1545 using a hidden Markov model (HMM)-based search
(Kulkarni, Pena et al. 2012). This protein is ~26% identical to AtIRX9 protein and contains
most of the key residues shown in Figure 9. This indicates that GT43 family might be present
in more early eukaryotes.
In order to test this, we have performed an exhaustive HMMER search (Eddy 2011)
against the NCBI non-redundant protein database (NCBI-nr), the largest protein sequence
database containing both experimentally and computationally determined proteins. For
HMMER search, an HMM of GT43 family was downloaded from dbCAN database (Yin, Mao
et al. 2012) and used as the query. In total, 21 protein hits (Table A 3) that are neither from
Streptophyta nor from Metazoa were found with E-value < 1e-10. If using a relaxed E-value <
1e-5 as the threshold, 449 non-Streptophyta and non-Metazoa hits were found; however a
manual examination of randomly selected sequences with E-value between 1e-5 and 1e-10
indicated that all of them are false positives.
We have also filtered these 21 protein hits by investigating the presence of the key
motifs patterns listed in Table A 2. Using this very conservative approach we found that 11 out
of the 21 proteins (Table 5) have at least three of the eight motifs and all of the 11 proteins have
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the GT43 domain with very significant E-values (between 2.4e-24 and 1.5e-59). A complete
version of Table 5 with 21 proteins is provided in Table A 3.
Table 5 shows that the 11 proteins belong to eight species of five taxonomic groups:
Choanoflagellida, Ichthyosporea, Fungi, Chlorophyta and Haptophyceae. The other 10 of the
21 proteins (Table A 3) that have less than 3 motifs are also from these five taxonomic groups,
except for two proteins annotated as being from uncultured bacteria. However these two
proteins might be mistakenly annotated as their top BLAST homologs are all animal proteins.
Apparently this data suggests that the phyletic distribution of GT43 genes is much broader than
we previously thought. GT43 genes are not only present in plants (Streptophyta) and animals
(Metazoa) but also found in a number of earlier evolved eukaryotic groups. Therefore GT43
should have an earlier origin in the evolution.

2.4.4. Phylogenetic analysis of GT43 proteins from all major groups of eukaryotes

In order to understand how the newly identified GT43 proteins are phylogenetically
related to known plant and animal proteins, we have combined sequences of 12 early eukaryotic
GT43 proteins (11 from Table 5 plus the M. pusilla CCMP1545 protein XP_003063890.1
reported in (Kulkarni, Pena et al. 2012)), 29 early plant peptides (Table 4) as well as 33 selected
plant and animal proteins to build a multiple sequence alignment and then a phylogeny (Figure
13). By including early eukaryotic proteins, our phylogeny in Figure 13 revealed much more
information than the previous report (Anders and Dupree 2010).

Table 5: Eleven GT43 proteins from early eukaryotes that have at least 3 of the 8 conserved motifs
Motifs (1: present, 0: absent)
Lengt
GenBank ID

Taxonomic

hmmsearc

group

h E-value

Total #

Species
h

of
1

2

3

4

5

6

7

8
motifs

XP_004345176.1

390

Capsaspora owczarzaki ATCC 30864

Ichthyosporea

1.50E-59

0

1

1

1

1

0

1

1

6

XP_001744836.1

305

Monosiga brevicollis MX1

Choanoflagellida

3.60E-56

1

1

1

1

1

0

0

1

6

XP_001742263.1

243

Monosiga brevicollis MX1

Choanoflagellida

1.80E-48
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Figure 13: Phylogeny of 74 GT43 proteins. 21 plant proteins are from the PlantCAZyme
database, 12 animal proteins are from the CAZy database, 12 early eukaryotic proteins are
from Table 5 and 29 early plant transcriptome-derived peptides are from Table 4. Sequences
were aligned using MAFFT program. Phylogeny was inferred using RAxML program (see
Methods).
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For example, proteins from fungi and the Haptophyceae species Emiliania huxleyi
CCMP1516 form a sister cluster with the animal proteins. All other early eukaryotic proteins,
including proteins of Choanoflagellida, Ichthyosporea and Haptophyceae organisms, are
clustered with animal proteins. These animal, fungal and other early eukaryotic proteins formed
a bigger cluster that we named clade D.
As shown in Figure 7, proteins from Arabidopsis and rice fell into four clades: B
(AtIRX14 and AtIRX14L), A1 (AtIRX9L), A2 (no Arabidopsis proteins) and A3 (renamed
from the old C clade, AtIRX9). This observation still holds true in Figure 13. With early plant
GT43 proteins included, the phylogeny shows that more subclades now appear in clade A: (i)
A4 contains proteins from liverworts, hornworts, ferns and the moss P. patens, which form a
sister group of angiosperm subclades A1, A2 and A3; (ii) A5 is not a monophyletic cluster, but
contains exclusively CGA proteins basal to the land plant subclades.
Clade B also contains proteins from CGA, liverwort, hornworts and the moss. If we
include all the 54 sequences without filtering them, this clade will also contain fern proteins
(see a larger phylogeny in Figure A3). The new clade C now contains CGA proteins and the
two Chlorophyta (a sister group of Streptophyta) green algal proteins of Table A 3.
Based on these new observations made in Figure 13, we believe that clade C represents
the most ancestral form of plant GT43 genes. Then duplications occurred in ancient CGA before
land plants evolved to give rise to the clade A and clade B, both containing CGA proteins. The
clade A might have undergone significant size expansion through further gene duplications and
rapid sequence divergence. The separation of subclades A1, A2 and A3 seem to have happened
only in angiosperms, a relatively late event in the plant evolution. The order of the separation
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is likely to be A1, A2 and then A3, meaning that AtIRX9L is more ancient than AtIRX9. As
shown in Figure 6 and Figure 7, A3 has longer branches, suggesting a more rapid sequence
evolution. According to Figure 7, the subclade A2 contains both dicot and monocot proteins;
however Arabidopsis does not have any proteins in A2, suggesting a recent gene loss event.

2.4.4.1. Test of the reliability of phylogeny containing sequence fragments

Since the 54 peptides were derived from assembled transcripts, which have the
possibility to be incomplete fragments, one may question about the reliability of the
phylogenies. We have assessed the impact of including fragments in the phylogeny
reconstruction by editing the sequence alignment used to create the phylogeny in Figure A3 to
remove regions containing large gaps and ambiguously aligned regions, which practically
eliminated the effect of short fragments to the resulting phylogeny. The new alignment was
used to build a new phylogeny (Figure A4), which looks very similar to that in Figure 13 and
Figure A3: the clustering of GT43 proteins into four major clades and clade A into five
subclades remain unchanged. This confirms that the phylogenetic clustering shown in Figure
13 and Figure A3 is a reliable and stable result.
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2.5.

Discussion

2.5.1. GT43 protein family has a broad but sporadic phyletic distribution

By combining the very sensitive HMM-based search and sequence motif scanning
methods, we have identified GT43 homologs in Choanoflagellida, Ichthyosporea, Fungi,
Chlorophyta and Haptophyceae, in addition to previously known Streptophyta and Metazoa.
These early eukaryotic GT43 homologs hit GT43 domain model with E-value < 1e-10 and have
conserved sequence motifs that are signatures of GT43 family. Therefore we may conclude that
GT43 is more broadly distributed than we used to believe.
However, the phyletic distribution of GT43 proteins is at most sporadic in the early
eukaryotes, while in most sequenced animals and plants they are widely present. There are over
400 fungal genomes fully sequenced yet only a very small percentage of these genomes have
GT43 homologs. Similarly searching against over a dozen of completed Chlorophyta green
algal genomes did not find more GT43 proteins other than the two shown in Figure 13.
Surprisingly although M. pusilla CCMP1545 has a GT43 protein (XP_003063890.1), its closely
related genome M. pusilla RCC299 does not. Even a more exhaustive TBLASTN search failed
to find any homolog in RCC299 genomic DNA. The origin of many early eukaryotic proteins
(Table 5 and Table A 3) remains to be a puzzle, but horizontal gene transfer and gene loss might
be possible reasons.

54
2.5.2. Prokaryotes do not have GT43 genes and eukaryotic GT43 genes might have evolved
from other GT families

Two NCBI-nr proteins (AIA87534.1 and AIA83381.1) in Table A 3 are annotated as
being from uncultured bacteria. Both are short in sequence (< 120 aa) and NCBI’s Blink
searches showed that the top 100 hits of both proteins are all from Metazoa. As the two proteins
were derived from intestinal metagenomes of snout beetle (Rhynchophorus ferrugineus) (Jia,
Zhang et al. 2013), it is likely that they are actually encoded by beetle genes but were misannotated to be from uncultured intestinal bacteria. Other than that, no prokaryotic GT43
homologs were found in our searches. Therefore GT43 is a family restricted to eukaryotes,
which is in contrast to GT2 and GT8 both having many prokaryotic homologs. Data have been
shown to suggest that eukaryotic GT2 and GT8 genes have evolved from their prokaryotic
homologs through ancient endosymbiotic events when the earliest eukaryotes emerged (Nobles,
Romanovicz et al. 2001, Yin, Chen et al. 2010).
We believe that the absence of GT43 homologs in prokaryotes might be due to two
possible reasons. The first is that GT43 might have evolved from other GT families. For
example, according to distant sequence homology, 22 GT families, including GT43, GT2 and
GT8, were classified into the GT-A superfamily (Liu and Mushegian 2003), which shares the
same 3D structural fold called Rossmann-like nucleoside diphosphosugar transferase fold. A
majority of the GT-A families has prokaryotic member proteins. Hence eukaryotic GT43
proteins might have originated from prokaryotic proteins of other GT-A families. The reason
that we do not see homology between them is because they have diverged too much in sequence
though the structural similarity can still be detected. In fact, taking some of the early eukaryotic
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GT43 as query to BLAST against NCBI-nr found that bacterial GT2 and GT8 proteins started
to appear in the hit list when lowering the E-value cutoff to 1.
The other reason is that the prokaryotic ancestors that contributed to the origin of GT43
family has gone extinct, which might be less likely compared to the first reason, as massive
extinction of all these ancestors without any traces in current genomes is highly impossible.

2.5.3. The divergence of AtIRX14 and AtIRX9L/9 occurred before the emergence of land
plants and the divergence of AtIRX9L and AtIRX9 occurred after the emergence of
angiosperms

Previous phylogenetic study of GT43 proteins showed that there are three plant clades
and one animal clade (Anders and Dupree 2010). Our phylogenies (Figure 13, Figure A3,
Figure A4) suggested a different classification of GT43 proteins in more organismal groups.
We showed that clade D is a group of GT43 proteins from non-plant organisms, including all
animals and early eukaryotes. Clade C is an algae-specific group containing CGA and two early
Chlorophyta proteins. The previously classified three clades of land plant GT43 proteins now
become clades A and B. Clade B still contains AtIRX14 but we showed that it also has GT43
proteins from all major plant taxa including CGA, liverwort, hornwort, moss, spike moss, fern,
gymnosperm and angiosperm. Clade A represents a significantly expanded GT43 subfamily.
We have further classified A into subclades A1 to A5 that include GT43 proteins from
all major plant taxa. The subclade A1, A2 and A3 (the old clade C in (Anders and Dupree
2010)) contain only angiosperm proteins. Since A1 contains AtIRX9L and A3 contains
AtIRX9, we conclude that their separation was a much later event than the separation between
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them and AtIRX14, which is in clade B. In all our phylogenies (Figure 6, Figure 7, Figure 13,
Figure A3, Figure A4) the subclade A3 has the longest branches suggesting rapid sequence
divergence. This is in agreement with the observation that we made in Table 3, which showed
that AtIRX9 has the smallest number of conserved substrate binding residues. We have also
shown that A3 proteins have more variable intron-exon gene structures (Figure 7), shorter
lengths (Table 1), higher gene copy numbers in monocots (Table 1) and lower GC content in
dicots (Table 1). All these signify the rapid sequence evolution of subclade A3.
Although subclade A2 does not have Arabidopsis proteins, most sequenced dicots
actually have proteins in this subclade. In all sequenced monocots and some dicots, A2 seems
to have a much lower GC content than other subclades. There are some unknown reasons that
have driven the GC contents down in A2 and A3 genes, which are the latest evolved land plant
GT43 genes. Notably, large-scale genome duplication played a major role in expanding the size
of A2 and A3 in both dicot and monocot plants (Table 2). Given that A1 (AtIRX9L) and B
(AtIRX14) genes are more ancient and present in all living plant taxa, we speculate that it is the
newly and more rapidly evolved A2 and A3 that have increased the xylan content in the cell
walls from 5-15% in gymnosperms to 20-50% in angiosperms (Scheller and Ulvskov 2010).

2.5.4. Protein 3D structure analysis supports the AtIRX9-AtIRX14 protein complex model

The plant cell wall cellulose synthesis has long been known to involve a large protein
complex containing different members of GT2 proteins (Taylor, Howells et al. 2003). Proteinprotein interaction (PPI) forming a protein complex most likely could be generalized for the
synthesis of all classes of cell wall polysaccharides including xylans. Recently based on

57
transcriptomics and proteomics data reported in (Zeng, Jiang et al. 2010, Lee, Zhong et al.
2012), Scheller et al. proposed a model to suggest IRX9, IRX14 and IRX10 (GT47) might form
the xylan backbone synthase complex (Oikawa, Lund et al. 2013, Rennie and Scheller 2014).
Our predicted AtIRX9 and AtIRX14 structures seem to support this model in that the PPI
interface of the two proteins is located on one side of the structures and has opposite
electrostatic charges (Figure 12J and Figure 12M), which will render charge attraction force
and help stabilize the protein complex.
The N-terminals of AtIRX9 and AtIRX14 (Figure 12C and Figure 12E) contain a
transmembrane helix according to TMHMM prediction (Krogh, Larsson et al. 2001).
According to the model in (Rennie and Scheller 2014), AtIRX14 and AtIRX9 both use the
transmembrane region to locate themselves on the Golgi membrane with the other parts of the
protein complex located inside the Golgi lumen. The C-terminal of GlcAT-I corresponds to the
PPI regions forming the protein complex interface (yellow shaded C-terminal in Figure 9). The
C-terminal of AtIRX14 protein is much longer, not aligned to any other proteins and might be
also involved in PPI with AtIRX9 or other proteins in the protein complex. For example, the
model in (Rennie and Scheller 2014) speculated that the xylan synthase complex contains the
third subunit AtIRX10, which does not have a transmembrane domain and is attached to the
Golgi membrane through PPI with AtIRX9-AtIRX14 complex. It is highly speculative but
possible that AtIRX14 uses its long C-terminal and probably also other unique regions to form
an interface interacting with AtIRX10. Unfortunately the IRX10 protein of the GT47 family
does not have a structural template model that can be used to predict a reliable 3D structure.
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2.5.5. AtIRX9L might not be functionally redundant to AtIRX9

AtIRX9L and AtIRX14L were suggested to be functional homologs of AtIRX9 and
AtIRX14 respectively (Wu, Hornblad et al. 2010). With regard to sequence relatedness,
AtIRX14 and AtIRX14L are very similar paralogs of clade B (Figure 7) derived from recent
genome duplication (Table 2). However, AtIRX9 and AtIRX9L are of two different subclades
(A1 for 9L and A3 for 9) diverged before dicots and monocots separated. The expression of
AtIRX9 and AtIRX9L are quite distinct (Figure 8): AtIRX9 is highly expressed in woody
tissues and lowly expressed in other tissues, while AtIRX9L is broadly expressed in any tissues
but in a low level. The sequence length, GC content, intron-exon structure and substrate-binding
residues (Table 1 and Table 3, Figure 7) are all very different between AtIRX9 and AtIRX9L.
Therefore AtIRX9L is unlikely to be a simple redundant copy of AtIRX9. The fact that
AtIRX9L has the surprisingly largest number of conserved substrate-binding residues (Table
3) suggests that it might maintain a function that is most similar to that of the plant-animal
common ancestral gene.
AtIRX9 on the other hand has the least key substrate-binding residues. It even lacks the
DxD motif that is common to all GT families and the catalytic residue E that is found in all
other Arabidopsis proteins (Table 3). In addition, Figure 11 shows that the inferred substratebinding residues in AtIRX9, when superimposed with UDP-GlcA, have structural conflicts with
the uridine and ribose groups or are too close to the phosphate and GlcA groups. This further
implies that AtIRX9 might not be able to bind the sugar donor due to the 3D spatial
crowdedness. This is consistent with a recent site-specific mutagenesis study suggesting that
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AtIRX9 might not be catalytically active, as mutating some of the key residues did not affect
phenotype (Ren, Hansen et al. 2014). Instead it might serve as an important structural subunit
of the protein complex, in which AtIRX14 or more likely AtIRX10 is the catalytic subunit (Ren,
Hansen et al. 2014, Rennie and Scheller 2014).

CHAPTER 3
PROTEIN TERTIARY STRUCTURAL ANALYSIS OF A GUAR
MANNAN SYNTHASE CSLA PROTEIN CTMANS
3.1.

Summary
Plant Glycosyltransferase family 2 (GT2) enzymes are mainly involved in the synthesis

of cellulose and hemicellulose components of the plant cell wall. Even though a lot of studies
have been centered on this family, the functions for many subfamilies within GT2 remain
elusive. As major components of plant cell wall synthesis, these enzymes contribute to the
biomass recalcitrance hindering the efficient collection of biomass and subsequent use for the
production of biofuel or even for animal feed production. Here we report a computationally
predicted 3D structure of a Guar (Cyamopsis tetragonoloba) mannan synthase enzyme
belonging to the cellulose synthase like A (CslA) subfamily. By comparing this structure to the
solved bacterial cellulose synthase (CesA) structure and a predicted structure of cotton CesA,
we identified 5 alpha helices, 6 beta sheets that were mutual among all three proteins and 8
transmembrane helices. We further mapped five known conserved motifs onto the predicted
structure. Key differences have been observed in one or two residues of each of these conserved
domains altering the binding pocket in accordance with the difference in substrates among these
CesA and CslA subfamilies.
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Further comparisons with cotton CesA structure revealed the existence of plant
conserved region (PCR) and clade specific region (CSR) in guar CslA as well but in a highly
diminished form. These regions, previously described in CesA, are believed to aid CesA
oligomerization and form complexes. Their role, if any, in CslA is yet to be found. Using protein
docking tools and other methods, we are conducting a deeper analysis, which would result in a
better understanding of the differences and functions of these subfamilies, a vital knowledge
for efficient production of the 2nd generation biofuels.

3.2.

Introduction
Celluloses and hemicelluloses make up most of the plant cell wall. These

polysaccharides also account for the plant biomass which can be used for the production of
biofuels, animal feed and several other beneficiary products. These practical applications
provide a strong motivation towards proper study of these polysaccharides, their synthesis,
modification and translocation. Mannans are a type of hemicellulose which is found in both the
primary and secondary cell walls of plants. Mannans are also present in some algal species,
even when cellulose is completely absent (Frei and Preston 1968). Depending upon the species,
mannans can perform a wide range of functions in plant cells. Mannans confer hardness,
provide water insolubility and act as storage polysaccharides (Buckeridge 2010). Mannans,
glucomannans and galactomannans serve as non starch carbohydrate reserves in the vacuoles
and endosperm cells of plants. It is the most abundant cross linking glycan in the woody tissues
of gymnosperms (Maeda, Awano et al. 2000). In Arabidopsis, the secondary cell wall of xylem
and fiber cells seem to be the location with dense mannan content. It is also present in the
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primary cell wall and vacuoles of other cells but in lower amounts (Handford, Baldwin et al.
2003). In cells lacking the secondary cell wall such as leaves, mannan is present only in trace
amounts (Zablackis, Huang et al. 1995). This polysaccharide chain has instigated many research
interests due to its diverse role in the plant cell wall.There have been many advances in this
field of research in the past decade. Glucomannan was one of the earliest cell wall
polysaccharides to be synthesized in vitro. It was initially believed that GDP-Glc and UDP-Glc
were the donor substrates for the formation of (1,4)-β-D linkages of cellulose and (1,4)-β-D
glucans (Chambers and Elbein 1970) which has already been disproved. A study involving in
vitro culture of cotton fiber cells proved that the substrate for cellulose synthesis is in fact UDPGlc (Carpita and Delmer 1981). However, addition of GDP-Glc and GDP-Man to membrane
preparations increased the formation of a glucomannan product (Elbein and Hassid 1966, Piro,
Zuppa et al. 1993). With knowledge of the substrates involved, using an expression profiling
experiment of guar (Cyamopsis tetragonoloba) seed development, it has been reported that a
member of the CslA gene family encodes a β-mannan synthase involved in the synthesis of
mannans (Dhugga, Barreiro et al. 2004). Also, more recent studies have revealed the presence
of more than three CslA gene products to be involved in mannan and glucomannan synthesis
(Liepman, Wilkerson et al. 2005, Suzuki, Li et al. 2006). Some research also suggest that some
of the CslD proteins might also be involved in the synthesis of mannans (Verhertbruggen, Yin
et al. 2011).
Most of the phylogenetic research for the GT2 family focus on CesA family of proteins.
With defined functional characterizations, availability of structural models, CesA research in
many ways have overshadowed research on many of the Csl families. As a result, many
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questions still remain unanswered for the Csl families. Only some of the Csl family proteins
have been experimentally verified for their functions. While there are many speculations that
all the Csl families are involved in the synthesis of the various hemicelluloses, there is very
little evidence to support this claim. CslA family proteins, with recently characterized function
have moved forward in research and discovery compared to other Csl families. The genes of
the CesA family have a conserved orthology across species, whereas CslA family genes are not
as much orthologous (Penning, Hunter et al. 2009). Moreover, CslA genes can be divided into
3 subgroups that are Arabidopsis dominated, grass dominated or mixed. CslA proteins have
also been experimentally verified to be localized in the Golgi membrane with the cytosolic side
facing the Golgi lumen (De Caroli, Lenucci et al. 2014). However, absence of a structural
model, gaps in phylogenetic analysis, lack of domain architecture models and other factors
cause an obstruction in proper understanding of the enzymes of the CslA family.
With an aim to contribute towards a better understanding of the CslA family, we first
conduct a phylogenetic analysis of all the GT2 family proteins across all organisms to report
the relationship of CslA family to all other Csl and CesA families. We also present a
computationally predicted structural model of a guar (Cyamopsis tetragonoloba) CslA protein
which is experimentally verified as a mannan synthase. Using this predicted structure, we
elucidate on the mechanism of mannan synthesis focusing on the acceptor binding site and the
binding interactions. We also propose a mechanism for the translocation of the mannan chain
from the Golgi lumen to the cytoplasm.
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3.3.

Methods

3.3.1. Sequence Data Sources

The Arabidopsis CesA, CslA and CslC sequences were downloaded using the Batch
Entrez tool of NCBI. The GenBank sequence IDs for each of these sequences were obtained
from The Arabidopsis Information Resource (TAIR), www.arabidopsis.org, [10/25/2013]. The
sequence for the bacterial CesA template protein was downloaded from NCBI
(http://www.ncbi.nlm.nih.gov/protein/Q3J125), [10/25/2013] and the crystal structure was
downloaded from RSCB (http://www.rcsb.org/pdb/explore/explore.do?structureId=4HG6),
[11/4/2013] based on the published paper (Morgan, Strumillo et al. 2013). The CslA protein
from guar (Cyamopsis tetragonoloba) was downloaded from NCBI protein database
(http://www.ncbi.nlm.nih.gov/protein/Q6UDF0.1), [10/25/2013] based on published paper
(Dhugga, Barreiro et al. 2004).

3.3.2. Phylogenetic Analysis

The multiple sequence alignments (MSAs) used in this study were generated using
MAFFT v7.158b with the L-INS-i method (Katoh and Standley 2013), which is among the most
accurate sequence alignment algorithms. The phylogenies were built using these multiple
sequence alignments as input to the FastTree program (Price, Dehal et al. 2009). FastTree
implements a heuristic Neighbor-joining followed by nearest neighbor interchanges to quickly
reduce the tree size making the whole tree building process really fast. An interactive graphical
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version of the phylogenetic tree was viewed using the iTOL online tool (Letunic and Bork
2007). The tree images presented in this study were all imported from iTOL. ESPript 3.0 was
used to build a visually enhanced version of the multiple sequence alignments for better
understanding and comparison of the motifs and other important residues.
3.3.3. Protein 3D Structure Analysis

The I-TASSER online server was used to predict the structure of the CtmanS protein
(Roy, Kucukural et al. 2010). PyMOL (www.pymol.org) was used for the viewing of the
predicted structure and mapping of the motifs and residues into the structure. The structural
images presented in this study were also generated from PyMOL.

3.4.

Results

3.4.1. Phylogenetic analysis of guar CslA protein CtManS and bacterial CesA protein BcsA

A number of proteins from the CesA/Csl superfamily have been identified in
Arabidopsis thaliana. There are 10 CesA, 9 CslA, 6 CslB, 5 CslC, 6 CslD, 1 CslE and 3 CslG
proteins curated at UniProt (http://www.uniprot.org/) (Consortium 2015) for A. thaliana. The
guar CtManS protein has been experimentally characterized to have mannan synthase activity.
Since the bacterial BcsA protein structure will be used as the template for structure prediction,
it would be interesting to see how these two proteins position themselves in the phylogenetic
tree with all the Arabidopsis CesA/Csl proteins.
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Figure 14 shows the phylogenetic tree for all the CesA/Csl proteins in Arabidopsis, guar
mannan synthase and bacterial CesA proteins. Each of the CesA/Csl families form a separate
monophyletic clade. In agreement with previous reports (Dhugga, Barreiro et al. 2004, Morgan,
Strumillo et al. 2013), the CtManS protein falls into the CslA clade signifying the close
evolutionary relationship and similarity with the Arabidopsis CslA proteins. Also, the bacterial
CesA protein is positioned basal to the CesA and a few Csl clades (CslB, CslD, CslE and CslG),
which suggests that the bacterial CesA is a more ancient CesA than Arabidopsis CesA/Csls.

Figure 14: Phylogenetic tree of Arabidopsis CesA and Csl proteins, CtManS and BcsA.
Arabidopsis proteins are marked as CESA and CSL, guar CslA protein (CtManS) is in cyan
and bacterial CesA protein (BcsA) is in magenta
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3.4.2. Predicted 3D structure and mapping of motifs for CtManS

Prediction of 3D structure can be of great help when it comes to functional studies of a
protein. With a computational model of the 3D structure, study of the active site, functionally
important residues, bonding interactions can be much easier. As mentioned in Chapter 2, protein
structure prediction has already been used in the study of GT2 and GT8 proteins in plants (Yin,
Chen et al. 2010, Sethaphong, Haigler et al. 2013, Kumar and Turner 2014, Olek, Rayon et al.
2014, Slabaugh, Davis et al. 2014). Furthermore, the recent publication of a bacterial CesA
protein (Morgan, Strumillo et al. 2013) has made the prediction of related proteins even more
possible. It has already been used to discuss a computational model of a CesA protein from
cotton (Sethaphong, Haigler et al. 2013). In order to elucidate the mechanisms of CslA proteins
and their functional differences from other CesA/Csl families, we predicted the 3D structure
for the guar CslA protein CtManS.

3.4.2.1. Predicted structure

Figure 15 shows the predicted structure for the guar CslA protein. The bacterial CesA
protein BcsA was used as the template for the prediction. The structure has a pretty good Cscore of – which provides the quality of the predicted structure in a quantitative measure. As
per the I-TASSER server (Roy, Kucukural et al. 2010), a C-score between -5 and 2 is acceptable
and within the range, the higher the better. Full length protein was used for the structure
prediction. The predicted structure has 17 α helices and 8 β sheets out of which 8 α helices
belong to the transmembrane domain and are the transmembrane helices. These numbers are
quite close to the template structure, which is as expected.
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Figure 15: Predicted 3D structure of guar CslA protein CtManS. Alpha helices, Beta sheets
and Transmembrane helices are highlighted. 3D location and folding of the PCR (magenta)
and CSR (cyan) regions are highlighted

3.4.2.2. Motif analysis

For the study of the motifs, we built a multiple sequence alignment of selected CesA
and CslA proteins. We used the Arabidopsis CesA8, CslA8, CslC4, guar CslA (CtManS), cotton
CesA (GhCesA1) and bacterial CesA (BcsA) to build the alignment (Figure 16) and conduct
the study. From previous studies (Carpita 2011, Morgan, Strumillo et al. 2013, Sethaphong,
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Haigler et al. 2013), we derived the functionally important motifs for the CslA families. There
are 5 important motifs that have been described in the CesA proteins and perform interaction
activities with various ligands. Motifs DXD and DDX are believed to coordinate the binding of
UDP in UDP-glucose donor substrate. Motifs TED and HXKAG are found to interact with the
glucose molecule in the donor substrate. Motif QXXRW is seen to be involved in acceptor
glucan placement. All of these motifs and their functions are described in CesA proteins
experimentally. However, sequence alignment studies revealed a significant similarity in these
motif regions between CesA and CslA proteins.

Figure 16: Multiple sequence alignment of the Arabidopsis CesA8, CslA9 and CslC4 proteins
with bacterial CesA (BcsA), cotton CesA (GhCesA1) and guar CslA proteins (CtManS). The 5
conserved motifs are indicated with arrows. PCR and CSR regions are highlighted in colors
respective to Figure 15
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Motif DXD seems strictly conserved and present as DAD within selected CslA proteins.
The two aspartic acid residues from the motif DDX are strictly conserved but the whole motif
is seen as a XDD motif with a lysine (L) residue commonly seen in the X position. Motif TED
is exclusively conserved as VED in both the CslA proteins investigated. HXKAG is also very
conserved among the CslA and CslC proteins and is present as GYKAG. Finally, the fifth motif
interacting with the glucose molecule QXXRW is also much conserved.
We further mapped these motifs into the predicted structure to determine how these
motifs align in the 3D space and how they contribute towards the overall functional activity.
Figure 17 highlights and presents the 3D spatial distribution of these motif residues in the
predicted structure. As seen in the figure, these motifs fold in the structure to come together and
form an active site which acts as a binding pocket for the donor/acceptor substrates. Further
studies are required to understand the complete mechanism behind the binding of the donor
substrate to this cleft. Current research definitely holds this binding pocket a possibility and
also points towards the fact that the specific changes in the residues of the conserved motifs
might contribute towards the difference in the donor substrate and function.

3.4.3. Plant Conserved Region (PCR) and Class Specific Region (CSR)

Previous research (Carroll and Specht 2011, Sethaphong, Haigler et al. 2013) define a
plant conserved region and a class specific region in CesA proteins from various plants. The
PCR region as the name suggests is unique to plants and is believed to be involved in the
formation of the rosette complex which allows simultaneous formation of a number of cellulose
chains that intertwine with one another with the help of H-bonding and Van der Waal’s bonds
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and form highly crystalline and insoluble cellulose microfibrils (Sethaphong, Haigler et al.
2013). The CSR region is also believed to be involved in the complex formation (Carroll and
Specht 2011, Sethaphong, Haigler et al. 2013). Both of these regions have been linked to CesA
oligomerization process and are determined to be functionally important regions. But both of
these regions seem to be highly diminished in the CtManS protein. Only short truncated regions
exist of what should have been a long loop and helix region. If these regions have any function
at all in the CslA proteins, it is yet to be determined. Figure 15 highlights the PCR and CSR
regions in the CtManS predicted structure.

Figure 17: Arrangement of the 5 conserved motifs (DXD, DDX, VED, QXXRW and HXKAG)
in the predicted structure of guar CslA protein CtManS
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3.4.4. Residues interacting with the translocating glucan

The crystal structure of BcsA template discusses the specific residues that interact with
the elongating glucan chain as it is translocated through the golgi membrane. We mapped these
residues into the guar CslA protein to investigate their orientation and arrangement in 3D spatial
environment. Using the multiple sequence alignment of selected sequences, the corresponding
residues for these interacting residues were determined and mapped into the predicted structure.
Table 6 lists the 16 residues that are discussed to interact with the translocating glucan in BcsA
and the corresponding residues in guar CtManS protein.
Figure 18 shows the position of these residues in the 3D structure. Most of these residues
fall in the transmembrane helices. These helices are oriented to form a small channel down the
middle which might be the space for the translocating glucan chain to pass. The interacting
residues fall on all sides of this small channel which makes much sense for the translocation
concept. It could be that using weak interactions, these residues guide the glucan chain through
the channel and into the cytoplsm. At this point of research with the obtained results, it is still
difficult to determine the interactions nad possibility of this phenomenon. But it does seem quite
possible. More studies like simulation of glucan chain movement, spatial arrangement of the
glucan chain in the 3D space and detailed study of possible interactions between the residues
and chains are only some of the further studies that can be done to conceptualize and test this
hypothesis. These studies can be further added to our present study to strengthen the concept
further.
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Table 6: Residues interacting with the translocating glucan chain in BcsA and the respective
residues in CtManS based on sequence alignment

Position in BcsA

Residue in BcsA

Residue in CtManS

Position in CtManS

276

His (H)

Trp (W)

219

300

Met (M)

Asp (D)

238

301

Phe (F)

Tyr (Y)

239

383

Trp (W)

Trp (W)

323

412

Asn (N)

His (H)

365

419

Phe (F)

Tyr (Y)

372

423

Arg (R)

Ile (I)

376

426

Phe (F)

Cys (C )

379

433

Tyr (Y)

Asn (N)

386

439

Glu (E )

Ala (A)

392

455

Tyr (Y)

Pro (P)

408

476

Ser (S)

Glu (C )

449

477

Glu (E )

Lys (K)

450

551

Val (V)

Val (V)

503

555

Val (V)

Leu (L)

507

558

Trp (W)

Gly (G)

509
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Figure 18: Arrangement of the residues in CtManS that align to the residues interacting with
translocating glucan chain in BcsA. Most of the residues fall in the transmembrane region and
surround the channel formed between the transmembrane helices
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3.5.

Discussion
Using the multiple sequence alignment obtained from MAFFT, we located the

conserved motifs into 2 CslA and 1 CslC sequences. These motifs were fairly conserved for the
most part. But our reports also suggest specific alterations in 2 of the 5 conserved motifs. These
specific changes are conserved and unique to the CslA proteins. These changes might cause
crucial conformational change in the active site of the enzyme so that the substrate specificity
has changed. For example, the presence of Valine instead of a Threonine in the TED motif
might play an important role in changing the specificity to mannose instead of glucose.
The existence of a highly diminished nonfunctional PCR and CSR regions is indicative
that CslA proteins might have been related to or evolved from CesA proteins at some point in
the evolution. Divergent evolution of these two families might have led to development of
suitable characteristics and thus led to formation of separate families.The study of the
transmembrane residues suggest that these residues might be involved in interacting with the
translocating glucan chain and guiding the chain through the channel to the cytoplasm.
The project on CslA protein modelling is still a work in progress. So it might be a bit
early to get to the above conclusions. Present study irrefutably support the above discussions
but at the same time do not provide a strong evidence to make firm statements. The data
presented here combined with further studies can present a deeper understanding of the
functional differences between various CesA and Csl proteins which can be a key to utilizing
and manipulating these proteins to get the desired results. With more detailed phylogenetic
analysis, we can delve deeper into major evolutionary events that hold the key to important
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events like transition to tracheophytes and wood formation. This modeling techniques can be
applied to phylogenetically related and similar proteins from other families like CslD and CslC
to obtain model structures for this supposedly functionally different families. With comparative
structural analysis, we can then determine the major characteristics that render different
functions to these families.

REFERENCES
Anders, N. and P. Dupree (2010). Glycosyltransferases of the GT43 Family. Annual Plant
Reviews, Wiley-Blackwell: 251-263.
Aspeborg, H., J. Schrader, P. M. Coutinho, M. Stam, A. Kallas, S. Djerbi, P. Nilsson, S.
Denman, B. Amini, F. Sterky, E. Master, G. Sandberg, E. Mellerowicz, B. Sundberg, B.
Henrissat and T. T. Teeri (2005). "Carbohydrate-active enzymes involved in the secondary cell
wall biogenesis in hybrid aspen." Plant Physiol 137(3): 983-997.
Baker, N. A., D. Sept, S. Joseph, M. J. Holst and J. A. McCammon (2001). "Electrostatics of
nanosystems: application to microtubules and the ribosome." Proc Natl Acad Sci U S A 98(18):
10037-10041.
Baydoun, E. A. H., J. A. R. Usta, K. W. Waldron and C. T. Brett (1989). "A Methyltransferase
Involved in the Biosynthesis of 4-O-Methylglucuronoxylan in Etiolated Pea Epicotyls." JPLPH
Journal of Plant Physiology 135(1): 81-85.
Breton, C., L. Šnajdrová, C. Jeanneau, J. Koča and A. Imberty (2006). "Structures and
mechanisms of glycosyltransferases." Glycobiology 16(2): 29R-37R.
Brown, D. M., F. Goubet, V. W. Wong, R. Goodacre, E. Stephens, P. Dupree and S. R. Turner
(2007). "Comparison of five xylan synthesis mutants reveals new insight into the mechanisms
of xylan synthesis." Plant J 52(6): 1154-1168.
Brown, D. M., Z. Zhang, E. Stephens, P. Dupree and S. R. Turner (2009). "Characterization of
IRX10 and IRX10-like reveals an essential role in glucuronoxylan biosynthesis in
Arabidopsis." Plant J 57(4): 732-746.
Buckeridge, M. S. (2010). "Seed Cell Wall Storage Polysaccharides: Models to Understand
Cell Wall Biosynthesis and Degradation." Plant Physiology 154(3): 1017-1023.
Burton, R. A. and G. B. Fincher (2014). "Plant cell wall engineering: applications in biofuel
production and improved human health." Current Opinion in Biotechnology 26(0): 79-84.

78
Cantarel, B. L., P. M. Coutinho, C. Rancurel, T. Bernard, V. Lombard and B. Henrissat (2009).
"The Carbohydrate-Active EnZymes database (CAZy): an expert resource for Glycogenomics."
Nucleic Acids Research 37(Database issue): D233-D238.
Carpita, N., M. Tierney and M. Campbell (2001). Molecular biology of the plant cell wall:
searching for the genes that define structure, architecture and dynamics. Plant Cell Walls. N. C.
Carpita, M. Campbell and M. Tierney, Springer Netherlands: 1-5.
Carpita, N. C. (2011). "Update on mechanisms of plant cell wall biosynthesis: how plants make
cellulose and other (1->4)-beta-D-glycans." Plant Physiol 155(1): 171-184.
Carpita, N. C. and D. P. Delmer (1981). "Concentration and metabolic turnover of UDP-glucose
in developing cotton fibers." J Biol Chem 256(1): 308-315.
Carpita, N. C. and D. M. Gibeaut (1993). "Structural models of primary cell walls in flowering
plants: consistency of molecular structure with the physical properties of the walls during
growth." Plant J 3(1): 1-30.
Carroll, A. and C. D. Specht (2011). "Understanding plant cellulose synthases through a
comprehensive investigation of the cellulose synthase family sequences." Frontiers in Plant
Science 2.
Chambers, J. and A. D. Elbein (1970). "Biosynthesis of glucans in mung bean seedlings.
Formation of beta-(1,4)-glucans from GDP-glucose and beta-(1,3)-glucans from UDPglucose." Arch Biochem Biophys 138(2): 620-631.
Chanzy, H. D., A. Grosrenaud, R. Vuong and W. Mackie (1984). "The crystalline
polymorphism of mannan in plant cell walls and after recrystallisation." Planta 161(4): 320329.
Cocuron, J. C., O. Lerouxel, G. Drakakaki, A. P. Alonso, A. H. Liepman, K. Keegstra, N.
Raikhel and C. G. Wilkerson (2007). "A gene from the cellulose synthase-like C family encodes
a beta-1,4 glucan synthase." Proc Natl Acad Sci U S A 104(20): 8550-8555.
Collén, J., B. Porcel, W. Carré, S. G. Ball, C. Chaparro, T. Tonon, T. Barbeyron, G. Michel, B.
Noel, K. Valentin, M. Elias, F. Artiguenave, A. Arun, J.-M. Aury, J. F. Barbosa-Neto, J. H.
Bothwell, F.-Y. Bouget, L. Brillet, F. Cabello-Hurtado, S. Capella-Gutiérrez, B. Charrier, L.

79
Cladière, J. M. Cock, S. M. Coelho, C. Colleoni, M. Czjzek, C. Da Silva, L. Delage, F.
Denoeud, P. Deschamps, S. M. Dittami, T. Gabaldón, C. M. M. Gachon, A. Groisillier, C.
Hervé, K. Jabbari, M. Katinka, B. Kloareg, N. Kowalczyk, K. Labadie, C. Leblanc, P. J. Lopez,
D. H. McLachlan, L. Meslet-Cladiere, A. Moustafa, Z. Nehr, P. Nyvall Collén, O. Panaud, F.
Partensky, J. Poulain, S. A. Rensing, S. Rousvoal, G. Samson, A. Symeonidi, J. Weissenbach,
A. Zambounis, P. Wincker and C. Boyen (2013). "Genome structure and metabolic features in
the red seaweed Chondrus crispus shed light on evolution of the Archaeplastida." Proceedings
of the National Academy of Sciences 110(13): 5247-5252.
Collins, H. M., R. A. Burton, D. L. Topping, M.-L. Liao, A. Bacic and G. B. Fincher (2010).
"REVIEW: Variability in Fine Structures of Noncellulosic Cell Wall Polysaccharides from
Cereal Grains: Potential Importance in Human Health and Nutrition." Cereal Chemistry Journal
87(4): 272-282.
Consortium, T. U. (2015). "UniProt: a hub for protein information." Nucleic Acids Research
43(D1): D204-D212.
Cosgrove, D. J. (2005). "Growth of the plant cell wall." Nat Rev Mol Cell Biol 6(11): 850-861.
Coutinho, P. M., M. Stam, E. Blanc and B. Henrissat (2003). "Why are there so many
carbohydrate-active enzyme-related genes in plants?" Trends in Plant Science 8(12): 563-565.
De Caroli, M., M. S. Lenucci, G.-P. Di Sansebastiano, M. Tunno, A. Montefusco, G.
Dalessandro and G. Piro (2014). "Cellular Localization and Biochemical Characterization of a
Chimeric Fluorescent Protein Fusion of Arabidopsis Cellulose Synthase-Like A2 Inserted into
Golgi Membrane." The Scientific World Journal 2014: 7.
de Castro, E., C. J. Sigrist, A. Gattiker, V. Bulliard, P. S. Langendijk-Genevaux, E. Gasteiger,
A. Bairoch and N. Hulo (2006). "ScanProsite: detection of PROSITE signature matches and
ProRule-associated functional and structural residues in proteins." Nucleic Acids Res 34(Web
Server issue): W362-365.
Dhugga, K. S., R. Barreiro, B. Whitten, K. Stecca, J. Hazebroek, G. S. Randhawa, M. Dolan,
A. J. Kinney, D. Tomes, S. Nichols and P. Anderson (2004). "Guar seed beta-mannan synthase
is a member of the cellulose synthase super gene family." Science 303(5656): 363-366.
Doblin, M. S., I. Kurek, D. Jacob-Wilk and D. P. Delmer (2002). "Cellulose biosynthesis in
plants: from genes to rosettes." Plant Cell Physiol 43(12): 1407-1420.

80
Doering, A., R. Lathe and S. Persson (2012). "An update on xylan synthesis." Mol Plant 5(4):
769-771.
Eddy, S. R. (2011). "Accelerated Profile HMM Searches." PLoS Comput Biol 7(10): e1002195.
Ekstrom, A., R. Taujale, N. McGinn and Y. Yin (2014). "PlantCAZyme: a database for plant
carbohydrate-active enzymes." Database (Oxford) 2014: bau079.
Elbein, A. D. and W. Z. Hassid (1966). "The enzymatic synthesis of a glucomannan." Biochem
Biophys Res Commun 23(3): 311-318.
Eswar, N., B. Webb, M. A. Marti-Renom, M. S. Madhusudhan, D. Eramian, M. Y. Shen, U.
Pieper and A. Sali (2007). "Comparative protein structure modeling using MODELLER." Curr
Protoc Protein Sci Chapter 2: Unit 2 9.
Faik, A. (2010). "Xylan biosynthesis: news from the grass." Plant Physiol 153(2): 396-402.
Fondeur-Gelinotte, M., V. Lattard, S. Gulberti, R. Oriol, G. Mulliert, M. W. Coughtrie, J.
Magdalou, P. Netter, M. Ouzzine and S. Fournel-Gigleux (2007). "Molecular basis for acceptor
substrate specificity of the human beta1,3-glucuronosyltransferases GlcAT-I and GlcAT-P
involved in glycosaminoglycan and HNK-1 carbohydrate epitope biosynthesis, respectively."
Glycobiology 17(8): 857-867.
Fondeur-Gelinotte, M., V. Lattard, R. Oriol, R. Mollicone, J. C. Jacquinet, G. Mulliert, S.
Gulberti, P. Netter, J. Magdalou, M. Ouzzine and S. Fournel-Gigleux (2006). "Phylogenetic
and mutational analyses reveal key residues for UDP-glucuronic acid binding and activity of
beta1,3-glucuronosyltransferase I (GlcAT-I)." Protein Sci 15(7): 1667-1678.
Frei, E. and R. D. Preston (1968). Non-Cellulosic Structural Polysaccharides in Algal Cell
Walls. III. Mannan in Siphoneous Green Algae.
FRY, S. C. (1989). "The Structure and Functions of Xyloglucan." Journal of Experimental
Botany 40(1): 1-11.
Gilbert, H. J. (2010). "The Biochemistry and Structural Biology of Plant Cell Wall
Deconstruction." Plant Physiology 153(2): 444-455.

81
Goodstein, D. M., S. Shu, R. Howson, R. Neupane, R. D. Hayes, J. Fazo, T. Mitros, W. Dirks,
U. Hellsten, N. Putnam and D. S. Rokhsar (2012). "Phytozome: a comparative platform for
green plant genomics." Nucleic Acids Res 40(Database issue): D1178-1186.
Gouet, P., X. Robert and E. Courcelle (2003). "ESPript/ENDscript: Extracting and rendering
sequence and 3D information from atomic structures of proteins." Nucleic Acids Res 31(13):
3320-3323.
Guo, A. Y., Q. H. Zhu, X. Chen and J. C. Luo (2007). "[GSDS: a gene structure display server]."
Yi Chuan 29(8): 1023-1026.
Handford, M. G., T. C. Baldwin, F. Goubet, T. A. Prime, J. Miles, X. Yu and P. Dupree (2003).
"Localisation and characterisation of cell wall mannan polysaccharides in Arabidopsis
thaliana." Planta 218(1): 27-36.
Hansen, S. F., E. Bettler, A. Rinnan, S. B. Engelsen and C. Breton (2010). "Exploring genomes
for glycosyltransferases." Mol Biosyst 6(10): 1773-1781.
Henrissat, B. and G. J. Davies (2000). "Glycoside hydrolases and glycosyltransferases.
Families, modules, and implications for genomics." Plant Physiol 124(4): 1515-1519.
Hill, J. L., M. B. Hammudi and M. Tien (2014). "The Arabidopsis Cellulose Synthase Complex:
A Proposed Hexamer of CESA Trimers in an Equimolar Stoichiometry." The Plant Cell Online.
Hori, K., F. Maruyama, T. Fujisawa, T. Togashi, N. Yamamoto, M. Seo, S. Sato, T. Yamada,
H. Mori, N. Tajima, T. Moriyama, M. Ikeuchi, M. Watanabe, H. Wada, K. Kobayashi, M. Saito,
T. Masuda, Y. Sasaki-Sekimoto, K. Mashiguchi, K. Awai, M. Shimojima, S. Masuda, M. Iwai,
T. Nobusawa, T. Narise, S. Kondo, H. Saito, R. Sato, M. Murakawa, Y. Ihara, Y. OshimaYamada, K. Ohtaka, M. Satoh, K. Sonobe, M. Ishii, R. Ohtani, M. Kanamori-Sato, R. Honoki,
D. Miyazaki, H. Mochizuki, J. Umetsu, K. Higashi, D. Shibata, Y. Kamiya, N. Sato, Y.
Nakamura, S. Tabata, S. Ida, K. Kurokawa and H. Ohta (2014). "Klebsormidium flaccidum
genome reveals primary factors for plant terrestrial adaptation." Nat Commun 5: 3978.
Jia, S., X. Zhang, G. Zhang, A. Yin, S. Zhang, F. Li, L. Wang, D. Zhao, Q. Yun, Tala, J. Wang,
G. Sun, M. Baabdullah, X. Yu, S. Hu, I. S. Al-Mssallem and J. Yu (2013). "Seasonally variable
intestinal metagenomes of the red palm weevil (Rhynchophorus ferrugineus)." Environ
Microbiol.

82
Jung, H. G. and M. S. Allen (1995). "Characteristics of plant cell walls affecting intake and
digestibility of forages by ruminants." J Anim Sci 73(9): 2774-2790.
Kakuda, S., T. Shiba, M. Ishiguro, H. Tagawa, S. Oka, Y. Kajihara, T. Kawasaki, S. Wakatsuki
and R. Kato (2004). "Structural basis for acceptor substrate recognition of a human
glucuronyltransferase, GlcAT-P, an enzyme critical in the biosynthesis of the carbohydrate
epitope HNK-1." J Biol Chem 279(21): 22693-22703.
Katoh, K. and D. M. Standley (2013). "MAFFT multiple sequence alignment software version
7: improvements in performance and usability." Mol Biol Evol 30(4): 772-780.
Keegstra, K. (2010). "Plant Cell Walls." Plant Physiology 154(2): 483-486.
Koropatkin, N. M., E. A. Cameron and E. C. Martens (2012). "How glycan metabolism shapes
the human gut microbiota." Nat Rev Microbiol 10(5): 323-335.
Krogh, A., B. Larsson, G. von Heijne and E. L. Sonnhammer (2001). "Predicting
transmembrane protein topology with a hidden Markov model: application to complete
genomes." J Mol Biol 305(3): 567-580.
Kulkarni, A. R., M. J. Pena, U. Avci, K. Mazumder, B. R. Urbanowicz, S. Pattathil, Y. Yin, M.
A. O'Neill, A. W. Roberts, M. G. Hahn, Y. Xu, A. G. Darvill and W. S. York (2012). "The
ability of land plants to synthesize glucuronoxylans predates the evolution of tracheophytes."
Glycobiology 22(3): 439-451.
Kumar, M. and S. Turner (2014). "Plant cellulose synthesis: CESA proteins crossing
kingdoms." Phytochemistry.
Kuroyama, H. and Y. Tsumuraya (2001). "A xylosyltransferase that synthesizes beta-(1-->4)xylans in wheat (Triticum aestivum L.) seedlings." Planta 213(2): 231-240.
Lee, C., M. A. O'Neill, Y. Tsumuraya, A. G. Darvill and Z. H. Ye (2007). "The irregular xylem9
mutant is deficient in xylan xylosyltransferase activity." Plant Cell Physiol 48(11): 1624-1634.
Lee, C., Q. Teng, R. Zhong and Z. H. Ye (2011). "Molecular dissection of xylan biosynthesis
during wood formation in poplar." Mol Plant 4(4): 730-747.

83
Lee, C., Q. Teng, R. Zhong, Y. Yuan and Z. H. Ye (2014). "Functional roles of rice
glycosyltransferase family GT43 in xylan biosynthesis." Plant Signal Behav 9: e27809.
Lee, C., R. Zhong, E. A. Richardson, D. S. Himmelsbach, B. T. McPhail and Z. H. Ye (2007).
"The PARVUS gene is expressed in cells undergoing secondary wall thickening and is essential
for glucuronoxylan biosynthesis." Plant Cell Physiol 48(12): 1659-1672.
Lee, C., R. Zhong and Z. H. Ye (2012). "Arabidopsis family GT43 members are xylan
xylosyltransferases required for the elongation of the xylan backbone." Plant Cell Physiol 53(1):
135-143.
Lee, C., R. Zhong and Z. H. Ye (2012). "Biochemical characterization of xylan
xylosyltransferases involved in wood formation in poplar." Plant Signal Behav 7(3): 332-337.
Lee, T. H., H. Tang, X. Wang and A. H. Paterson (2013). "PGDD: a database of gene and
genome duplication in plants." Nucleic Acids Res 41(Database issue): D1152-1158.
Letunic, I. and P. Bork (2007). "Interactive Tree Of Life (iTOL): an online tool for phylogenetic
tree display and annotation." Bioinformatics 23(1): 127-128.
Li, Q., J. Song, S. Peng, J. P. Wang, G.-Z. Qu, R. R. Sederoff and V. L. Chiang (2014). "Plant
biotechnology for lignocellulosic biofuel production." Plant Biotechnology Journal 12(9):
1174-1192.
Liepman, A. H., C. J. Nairn, W. G. T. Willats, I. Sørensen, A. W. Roberts and K. Keegstra
(2007). "Functional Genomic Analysis Supports Conservation of Function Among Cellulose
Synthase-Like A Gene Family Members and Suggests Diverse Roles of Mannans in Plants."
Plant Physiol 143(4): 1881-1893.
Liepman, A. H., C. G. Wilkerson and K. Keegstra (2005). "Expression of cellulose synthaselike (Csl) genes in insect cells reveals that CslA family members encode mannan synthases."
Proc Natl Acad Sci U S A 102(6): 2221-2226.
Liu, J. and A. Mushegian (2003). "Three monophyletic superfamilies account for the majority
of the known glycosyltransferases." Protein Sci 12(7): 1418-1431.

84
Lombard, V., H. Golaconda Ramulu, E. Drula, P. M. Coutinho and B. Henrissat (2014). "The
carbohydrate-active enzymes database (CAZy) in 2013." Nucleic Acids Res 42(Database
issue): D490-495.
Maeda, Y., T. Awano, K. Takabe and M. Fujita (2000). "Immunolocalization of glucomannans
in the cell wall of differentiating tracheids inChamaecyparis obtusa." Protoplasma 213(3-4):
148-156.
Marisol, O.-V., A.-H. Emmanuel, A. M.-T. Miguel and V.-A. Irasema (2012). Plant Cell Wall
Polymers: Function, Structure and Biological Activity of Their Derivatives.
Matthews, P. R., M. Schindler, P. Howles, T. Arioli and R. E. Williamson (2010). "A CESA
from Griffithsia monilis (Rhodophyta, Florideophyceae) has a family 48 carbohydrate-binding
module." J Exp Bot 61(15): 4461-4468.
Morgan, J. L., J. Strumillo and J. Zimmer (2013). "Crystallographic snapshot of cellulose
synthesis and membrane translocation." Nature 493(7431): 181-186.
Morozova, O. and M. A. Marra (2008). "Applications of next-generation sequencing
technologies in functional genomics." Genomics 92(5): 255-264.
Nishiyama, Y., P. Langan and H. Chanzy (2002). "Crystal Structure and Hydrogen-Bonding
System in Cellulose Iβ from Synchrotron X-ray and Neutron Fiber Diffraction." Journal of the
American Chemical Society 124(31): 9074-9082.
Nobles, D. R., D. K. Romanovicz and R. M. Brown, Jr. (2001). "Cellulose in cyanobacteria.
Origin of vascular plant cellulose synthase?" Plant Physiol 127(2): 529-542.
Oikawa, A., C. H. Lund, Y. Sakuragi and H. V. Scheller (2013). "Golgi-localized enzyme
complexes for plant cell wall biosynthesis." Trends Plant Sci 18(1): 49-58.
Olek, A. T., C. Rayon, L. Makowski, H. R. Kim, P. Ciesielski, J. Badger, L. N. Paul, S. Ghosh,
D. Kihara, M. Crowley, M. E. Himmel, J. T. Bolin and N. C. Carpita (2014). "The structure of
the catalytic domain of a plant cellulose synthase and its assembly into dimers." Plant Cell
26(7): 2996-3009.

85
Park, B. H., T. V. Karpinets, M. H. Syed, M. R. Leuze and E. C. Uberbacher (2010). "CAZymes
Analysis Toolkit (CAT): Web service for searching and analyzing carbohydrate-active enzymes
in a newly sequenced organism using CAZy database." Glycobiology 20(12): 1574-1584.
Pauly, M., S. Gille, L. Liu, N. Mansoori, A. de Souza, A. Schultink and G. Xiong (2013).
"Hemicellulose biosynthesis." Planta 238(4): 627-642.
Pauly, M. and K. Keegstra (2008). "Cell-wall carbohydrates and their modification as a resource
for biofuels." Plant J 54(4): 559-568.
Pearson, W. R. (1991). "Searching protein sequence libraries: comparison of the sensitivity and
selectivity of the Smith-Waterman and FASTA algorithms." Genomics 11(3): 635-650.
Pedersen, L. C., T. A. Darden and M. Negishi (2002). "Crystal structure of beta 1,3glucuronyltransferase I in complex with active donor substrate UDP-GlcUA." J Biol Chem
277(24): 21869-21873.
Pedersen, L. C., K. Tsuchida, H. Kitagawa, K. Sugahara, T. A. Darden and M. Negishi (2000).
"Heparan/chondroitin sulfate biosynthesis. Structure and mechanism of human
glucuronyltransferase I." J Biol Chem 275(44): 34580-34585.
Pellny, T. K., A. Lovegrove, J. Freeman, P. Tosi, C. G. Love, J. P. Knox, P. R. Shewry and R.
A. Mitchell (2012). "Cell walls of developing wheat starchy endosperm: comparison of
composition and RNA-Seq transcriptome." Plant Physiol 158(2): 612-627.
Pena, M. J., R. Zhong, G. K. Zhou, E. A. Richardson, M. A. O'Neill, A. G. Darvill, W. S. York
and Z. H. Ye (2007). "Arabidopsis irregular xylem8 and irregular xylem9: implications for the
complexity of glucuronoxylan biosynthesis." Plant Cell 19(2): 549-563.
Penning, B. W., C. T. Hunter, 3rd, R. Tayengwa, A. L. Eveland, C. K. Dugard, A. T. Olek, W.
Vermerris, K. E. Koch, D. R. McCarty, M. F. Davis, S. R. Thomas, M. C. McCann and N. C.
Carpita (2009). "Genetic resources for maize cell wall biology." Plant Physiol 151(4): 17031728.
Pettolino, F. A., C. Walsh, G. B. Fincher and A. Bacic (2012). "Determining the polysaccharide
composition of plant cell walls." Nat. Protocols 7(9): 1590-1607.

86
Piro, G., A. Zuppa, G. Dalessandro and D. H. Northcote (1993). "Glucomannan synthesis in
pea epicotyls: the mannose and glucose transferases." Planta 190(2): 206-220.
Popper, Z. A., G. Michel, C. Herve, D. S. Domozych, W. G. Willats, M. G. Tuohy, B. Kloareg
and D. B. Stengel (2011). "Evolution and diversity of plant cell walls: from algae to flowering
plants." Annu Rev Plant Biol 62: 567-590.
Porchia, A. C., S. O. Sorensen and H. V. Scheller (2002). "Arabinoxylan biosynthesis in wheat.
Characterization of arabinosyltransferase activity in Golgi membranes." Plant Physiol 130(1):
432-441.
Price, M. N., P. S. Dehal and A. P. Arkin (2009). "FastTree: Computing Large Minimum
Evolution Trees with Profiles instead of a Distance Matrix." Molecular Biology and Evolution
26(7): 1641-1650.
Ragauskas, A. J., C. K. Williams, B. H. Davison, G. Britovsek, J. Cairney, C. A. Eckert, W. J.
Frederick, J. P. Hallett, D. J. Leak, C. L. Liotta, J. R. Mielenz, R. Murphy, R. Templer and T.
Tschaplinski (2006). "The Path Forward for Biofuels and Biomaterials." Science 311(5760):
484-489.
Ragauskas, A. J., C. K. Williams, B. H. Davison, G. Britovsek, J. Cairney, C. A. Eckert, W. J.
Frederick, Jr., J. P. Hallett, D. J. Leak, C. L. Liotta, J. R. Mielenz, R. Murphy, R. Templer and
T. Tschaplinski (2006). "The path forward for biofuels and biomaterials." Science 311(5760):
484-489.
Ratke, C., P. M. Pawar, V. K. Balasubramanian, M. Naumann, M. L. Duncranz, M. DerbaMaceluch, A. Gorzsas, S. Endo, I. Ezcurra and E. J. Mellerowicz (2014). "Populus GT43 family
members group into distinct sets required for primary and secondary wall xylan biosynthesis
and include useful promoters for wood modification." Plant Biotechnol J.
Ren, Y., S. F. Hansen, B. Ebert, J. Lau and H. V. Scheller (2014). "Site-directed mutagenesis
of IRX9, IRX9L and IRX14 proteins involved in xylan biosynthesis: glycosyltransferase
activity is not required for IRX9 function in Arabidopsis." PLoS One 9(8): e105014.
Rennie, E. A. and H. V. Scheller (2014). "Xylan biosynthesis." Curr Opin Biotechnol 26: 100107.

87
Renuse, S., R. Chaerkady and A. Pandey (2011). "Proteogenomics." PROTEOMICS 11(4):
620-630.
Roberts, E. and A. W. Roberts (2009). "A CELLULOSE SYNTHASE (CESA) GENE FROM
THE RED ALGA PORPHYRA YEZOENSIS (RHODOPHYTA)1." Journal of Phycology
45(1): 203-212.
Roy, A., A. Kucukural and Y. Zhang (2010). "I-TASSER: a unified platform for automated
protein structure and function prediction." Nat Protoc 5(4): 725-738.
Sato, Y., B. Antonio, N. Namiki, R. Motoyama, K. Sugimoto, H. Takehisa, H. Minami, K.
Kamatsuki, M. Kusaba, H. Hirochika and Y. Nagamura (2011). "Field transcriptome revealed
critical developmental and physiological transitions involved in the expression of growth
potential in japonica rice." BMC Plant Biol 11: 10.
Saxena, I. M., R. M. Brown, Jr. and T. Dandekar (2001). "Structure--function characterization
of cellulose synthase: relationship to other glycosyltransferases." Phytochemistry 57(7): 11351148.
Scheible, W.-R. and M. Pauly (2004). "Glycosyltransferases and cell wall biosynthesis: novel
players and insights." Current Opinion in Plant Biology 7(3): 285-295.
Scheller, H. V. and P. Ulvskov (2010). "Hemicelluloses." Annu Rev Plant Biol 61: 263-289.
Schulz, M. H., D. R. Zerbino, M. Vingron and E. Birney (2012). "Oases: robust de novo RNAseq assembly across the dynamic range of expression levels." Bioinformatics 28(8): 1086-1092.
Sethaphong, L., C. H. Haigler, J. D. Kubicki, J. Zimmer, D. Bonetta, S. DeBolt and Y. G.
Yingling (2013). "Tertiary model of a plant cellulose synthase." Proc Natl Acad Sci U S A
110(18): 7512-7517.
Shiba, T., S. Kakuda, M. Ishiguro, I. Morita, S. Oka, T. Kawasaki, S. Wakatsuki and R. Kato
(2006). "Crystal structure of GlcAT-S, a human glucuronyltransferase, involved in the
biosynthesis of the HNK-1 carbohydrate epitope." Proteins 65(2): 499-508.

88
Sigrist, C. J., L. Cerutti, N. Hulo, A. Gattiker, L. Falquet, M. Pagni, A. Bairoch and P. Bucher
(2002). "PROSITE: a documented database using patterns and profiles as motif descriptors."
Brief Bioinform 3(3): 265-274.
Sinnott, M. L. (1990). "Catalytic mechanism of enzymic glycosyl transfer." Chemical Reviews
90(7): 1171-1202.
Slabaugh, E., J. K. Davis, C. H. Haigler, Y. G. Yingling and J. Zimmer (2014). "Cellulose
synthases: new insights from crystallography and modeling." Trends Plant Sci 19(2): 99-106.
Somerville, C., S. Bauer, G. Brininstool, M. Facette, T. Hamann, J. Milne, E. Osborne, A.
Paredez, S. Persson, T. Raab, S. Vorwerk and H. Youngs (2004). "Toward a systems approach
to understanding plant cell walls." Science 306(5705): 2206-2211.
Somerville, C., H. Youngs, C. Taylor, S. C. Davis and S. P. Long (2010). "Feedstocks for
Lignocellulosic Biofuels." Science 329(5993): 790-792.
Song, D., J. Shen and L. Li (2010). "Characterization of cellulose synthase complexes in
Populus xylem differentiation." New Phytologist 187(3): 777-790.
Stamatakis, A. (2014). "RAxML version 8: a tool for phylogenetic analysis and post-analysis
of large phylogenies." Bioinformatics 30(9): 1312-1313.
Suzuki, S., L. Li, Y.-H. Sun and V. L. Chiang (2006). "The Cellulose Synthase Gene
Superfamily and Biochemical Functions of Xylem-Specific Cellulose Synthase-Like Genes in
Populus trichocarpa." Plant Physiology 142(3): 1233-1245.
Szymanski, D. B. and D. J. Cosgrove (2009). "Dynamic coordination of cytoskeletal and cell
wall systems during plant cell morphogenesis." Curr Biol 19(17): R800-811.
Taylor, N. G., R. M. Howells, A. K. Huttly, K. Vickers and S. R. Turner (2003). "Interactions
among three distinct CesA proteins essential for cellulose synthesis." Proc Natl Acad Sci U S
A 100(3): 1450-1455.
Timell, T. E. (1967). "Recent progress in the chemistry of wood hemicelluloses." Wood Science
and Technology 1(1): 45-70.

89
Varner, J. E. and L.-S. Lin (1989). "Plant cell wall architecture." Cell 56(2): 231-239.
Verhertbruggen, Y., L. Yin, A. Oikawa and H. V. Scheller (2011). "Mannan synthase activity
in the CSLD family." Plant Signal Behav 6(10): 1620-1623.
Vishwakarma, R., Srivastava, S. , Singh, S. and Khan, B. (2012). "Molecular cloning and
characterization of two differentially expressed Cellulose synthase gene isoforms in Leucaena
leucocephala: A pulp yielding tree species." Advances in Bioscience and Biotechnology 3: 92100.
Wang, Y., H. Tang, J. D. Debarry, X. Tan, J. Li, X. Wang, T. H. Lee, H. Jin, B. Marler, H. Guo,
J. C. Kissinger and A. H. Paterson (2012). "MCScanX: a toolkit for detection and evolutionary
analysis of gene synteny and collinearity." Nucleic Acids Res 40(7): e49.
Wang, Z., M. Gerstein and M. Snyder (2009). "RNA-Seq: a revolutionary tool for
transcriptomics." Nat Rev Genet 10(1): 57-63.
Wickett, N. J., S. Mirarab, N. Nguyen, T. Warnow, E. Carpenter, N. Matasci, S.
Ayyampalayam, M. S. Barker, J. G. Burleigh, M. A. Gitzendanner, B. R. Ruhfel, E. Wafula, J.
P. Der, S. W. Graham, S. Mathews, M. Melkonian, D. E. Soltis, P. S. Soltis, N. W. Miles, C. J.
Rothfels, L. Pokorny, A. J. Shaw, L. DeGironimo, D. W. Stevenson, B. Surek, J. C. Villarreal,
B. Roure, H. Philippe, C. W. dePamphilis, T. Chen, M. K. Deyholos, R. S. Baucom, T. M.
Kutchan, M. M. Augustin, J. Wang, Y. Zhang, Z. Tian, Z. Yan, X. Wu, X. Sun, G. K. Wong
and J. Leebens-Mack (2014). "Phylotranscriptomic analysis of the origin and early
diversification of land plants." Proc Natl Acad Sci U S A 111(45): E4859-4868.
Wu, A. M., E. Hornblad, A. Voxeur, L. Gerber, C. Rihouey, P. Lerouge and A. Marchant
(2010). "Analysis of the Arabidopsis IRX9/IRX9-L and IRX14/IRX14-L pairs of
glycosyltransferase genes reveals critical contributions to biosynthesis of the hemicellulose
glucuronoxylan." Plant Physiol 153(2): 542-554.
Wu, A. M., C. Rihouey, M. Seveno, E. Hornblad, S. K. Singh, T. Matsunaga, T. Ishii, P.
Lerouge and A. Marchant (2009). "The Arabidopsis IRX10 and IRX10-LIKE
glycosyltransferases are critical for glucuronoxylan biosynthesis during secondary cell wall
formation." Plant J 57(4): 718-731.
Xu, Z., D. Zhang, J. Hu, X. Zhou, X. Ye, K. L. Reichel, N. R. Stewart, R. D. Syrenne, X. Yang,
P. Gao, W. Shi, C. Doeppke, R. W. Sykes, J. N. Burris, J. J. Bozell, M. Z. Cheng, D. G. Hayes,

90
N. Labbe, M. Davis, C. N. Stewart, Jr. and J. S. Yuan (2009). "Comparative genome analysis
of lignin biosynthesis gene families across the plant kingdom." BMC Bioinformatics 10 Suppl
11: S3.
Yang, M., B. Athey, H. Arabnia, A. Sung, Q. Liu, J. Yang, J. Mao and Y. Deng (2009). "Highthroughput next-generation sequencing technologies foster new cutting-edge computing
techniques in bioinformatics." BMC Genomics 10(Suppl 1): I1.
Yang, X., U. C. Kalluri, S. Jawdy, L. E. Gunter, T. Yin, T. J. Tschaplinski, D. J. Weston, P.
Ranjan and G. A. Tuskan (2008). "The F-box gene family is expanded in herbaceous annual
plants relative to woody perennial plants." Plant Physiol 148(3): 1189-1200.
Yin, Y., H. Chen, M. G. Hahn, D. Mohnen and Y. Xu (2010). "Evolution and function of the
plant cell wall synthesis-related glycosyltransferase family 8." Plant Physiol 153(4): 17291746.
Yin, Y., J. Huang and Y. Xu (2009). "The cellulose synthase superfamily in fully sequenced
plants and algae." BMC Plant Biology 9(1): 99.
Yin, Y., M. A. Johns, H. Cao and M. Rupani (2014). "A survey of plant and algal genomes and
transcriptomes reveals new insights into the evolution and function of the cellulose synthase
superfamily." BMC Genomics 15: 260.
Yin, Y., X. Mao, J. Yang, X. Chen, F. Mao and Y. Xu (2012). "dbCAN: a web resource for
automated carbohydrate-active enzyme annotation." Nucleic Acids Res 40(Web Server issue):
W445-451.
York, W. S. and M. A. O'Neill (2008). "Biochemical control of xylan biosynthesis - which end
is up?" Curr Opin Plant Biol 11(3): 258-265.
Zablackis, E., J. Huang, B. Muller, A. G. Darvill and P. Albersheim (1995). "Characterization
of the cell-wall polysaccharides of Arabidopsis thaliana leaves." Plant Physiol 107(4): 11291138.
Zeng, W., N. Jiang, R. Nadella, T. L. Killen, V. Nadella and A. Faik (2010). "A
glucurono(arabino)xylan synthase complex from wheat contains members of the GT43, GT47,
and GT75 families and functions cooperatively." Plant Physiol 154(1): 78-97.

91
Zerbino, D. R. (2010). "Using the Velvet de novo assembler for short-read sequencing
technologies." Curr Protoc Bioinformatics Chapter 11: Unit 11 15.
Zerbino, D. R. and E. Birney (2008). "Velvet: algorithms for de novo short read assembly using
de Bruijn graphs." Genome Res 18(5): 821-829.
Zhang, J. Y., Y. C. Lee, I. Torres-Jerez, M. Wang, Y. Yin, W. C. Chou, J. He, H. Shen, A. C.
Srivastava, C. Pennacchio, E. Lindquist, J. Grimwood, J. Schmutz, Y. Xu, M. Sharma, R.
Sharma, L. E. Bartley, P. C. Ronald, M. C. Saha, R. A. Dixon, Y. Tang and M. K. Udvardi
(2013). "Development of an integrated transcript sequence database and a gene expression atlas
for gene discovery and analysis in switchgrass (Panicum virgatum L.)." Plant J 74(1): 160-173.
Zhang, X., A. Rogowski, L. Zhao, M. G. Hahn, U. Avci, J. P. Knox and H. J. Gilbert (2014).
"Understanding How the Complex Molecular Architecture of Mannan-degrading Hydrolases
Contributes to Plant Cell Wall Degradation." J Biol Chem 289(4): 2002-2012.
Zhang, Y. and J. Skolnick (2005). "TM-align: a protein structure alignment algorithm based on
the TM-score." Nucleic Acids Res 33(7): 2302-2309.
Zhong, R., Q. Teng, C. Lee and Z. H. Ye (2014). "Identification of a disaccharide side chain 2O-alpha-D-galactopyranosyl-alpha-D-glucuronic acid in Arabidopsis xylan." Plant Signal
Behav 9(2): e27933.

APPENDIX
ADDITIONAL FIGURES AND TABLES

93

Figure A1: Expression profiles of GT43 genes in Arabidopsis (A), poplar (B), rice (C) and
switchgrass (D). This is a complete version of Figure 8 and has more tissues.
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Figure A2: Computational pipeline for transcriptome mining for GT43 proteins
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Figure A3: Phylogeny of 99 GT43 proteins (21 from plant genomes + 12 from metazoa in
CAZy + 12 from NCBI-nr early eukaryotes + 54 early plant transcriptomes)
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Figure A4: Phylogeny based on edited sequence alignment of 99 GT43 proteins (21 from plant
genomes + 12 from metazoa in CAZy + 12 from NCBI-nr early eukaryotes + 54 early plant
transcriptomes) by removing long gaps and ambiguously aligned regions.
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Table A 1: Twenty five Illumina RNA-Seq datasets that are used in data mining of GT43 genes
Species

Taxonomic group

NCBI SRA accession
(RNA-seq)

# of reads

Marchantia emarginata

Liverworts

ERX337186

8355908

Ricciocarpos natans

Liverworts

ERX337127

6756598

Sphaerocarpos texanus

Liverworts

ERX337129

6643349

Bazzania trilobata

Liverworts

ERX337184

13308290

Metzgeria crassipilis

Liverworts

ERX337128

12695361

Nothoceros vincentianus

Hornworts

ERX337126

10530617

Nothoceros aenigmaticus

Hornworts

ERX337125

2931637

Angiopteris evecta

Ferns

ERX337178

9298385

Ophioglossum petiolatum

Ferns

ERX337179

10697208

Psilotum nudum

Ferns

ERX337180

8986521

Chara vulgaris

CGA: Charophyceae

ERX337135

8768245

Chaetosphaeridium
globosum

CGA: Coleochaetophyceae

ERX337138

8055334

Coleochaete irregularis

CGA: Coleochaetophyceae

ERX337136

14257295

Coleochaete scutata

CGA: Coleochaetophyceae

ERX337137

8405079

Cosmarium ochthodes

CGA: Zygnemophyceae

ERX337145

8557265

Penium margaritaceum

CGA: Zygnemophyceae

ERX337151

12279112

Mesostigma viride

CGA: Mesostigmatophyceae

ERX337134

9551189

Cylindrocystis cushleckae

CGA: Zygnemophyceae

ERX337142

13056278

Cylindrocystis brebissonii

CGA: Zygnemophyceae

ERX337147

13308552

Entransia fimbriata

CGA: Zygnemophyceae

ERX337141

13856675

Mesotaenium
endlicherianum

CGA: Zygnemophyceae

ERX337146

13065475

Mougeotia

CGA: Zygnemophyceae

ERX337143

13100320

Roya obtusa

CGA: Zygnemophyceae

ERX337149

13333334

Spirogyra sp.

CGA: Zygnemophyceae

ERX337144

8325926

Spirotaenia minuta

CGA: Zygnemophyceae

ERX337150

7877311
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Table A 2: PROSITE (Sigrist, Cerutti et al. 2002) patterns of 8 conserved sequence motifs found
in GT43 proteins
Motif

PROSITE pattern

Position in human GlcAT-I

1

T-P-[TI]-[YI]

2

W-[IL]-[ILV]-[VIA]-E-[DAKG]

81 - 84
(Figure 4)
108 - 113

3

[QMN]-R-[NL]

160 - 162

4

D-D-[DS]-N

194 - 197

5

[EQ]-[GA]-P

227 - 229

6

[ILVM]-[DEH]-[MWI]-[AS]-[GS]-F

251 - 256

7

[QLN]-[DE]-[SNT]

280 - 282

8

W-[HRNW]-[LT]-[RQKH]

307 - 310

Table A 3: Twenty one NCBI-nr proteins that are non-plant and non-animal proteins and hit GT43 domain with E-value < 1e-10.
proteins having at least 3 motifs are shown in gray background
Length

Species

Taxonomic group

hmmsearch
E-value

1 2 3 4 5 6 7 8

XP_004345176.1

390

Capsaspora owczarzaki ATCC 30864

Eukaryota: Ichthyosporea

1.50E-59

0 1 1 1 1 0 1 1

Total
no. of
motifs
6

XP_001744836.1

305

Monosiga brevicollis MX1

Eukaryota: Choanoflagellida

3.60E-56

1 1 1 1 1 0 0 1

6

XP_001742263.1

243

Monosiga brevicollis MX1

Eukaryota: Choanoflagellida

1.80E-48

1 1 0 1 1 1 0 1

6

XP_001747805.1

280

Monosiga brevicollis MX1

Eukaryota: Choanoflagellida

7.50E-48

0 1 1 1 1 1 0 1

6

XP_007514541.1

352

Bathycoccus prasinos

Eukaryota: Chlorophyta

9.30E-28

1 0 1 1 1 1 0 0

5

XP_004343171.1

458

Capsaspora owczarzaki ATCC 30864

Eukaryota: Ichthyosporea

2.30E-51

0 1 1 1 0 0 0 1

4

XP_004989824.1

324

Salpingoeca rosetta

Eukaryota: Choanoflagellida

1.80E-50

1 1 1 1 0 0 0 0

4

EMS23236.1

318

Rhodosporidium toruloides NP11

Eukaryota: Fungi

1.90E-33

0 1 1 1 1 0 0 0

4

EGU10941.1

318

Rhodotorula glutinis ATCC 204091

Eukaryota: Fungi

1.70E-32

0 1 1 1 1 0 0 0

4

XP_005794278.1

290

Emiliania huxleyi CCMP1516

Eukaryota: Haptophyceae

5.00E-34

0 1 1 1 0 0 0 0

3

XP_003336254.2

221

Puccinia graminis f sp tritici CRL 75-36-700-3

Eukaryota: Fungi

2.40E-24

0 1 0 1 1 0 0 0

3

XP_003336238.1

472

Puccinia graminis f sp tritici CRL 75-36-700-3

1.80E-23

0 0 0 1 1 0 0 0

2

AIA87534.1

116

uncultured bacterium

1.90E-13

1 0 0 0 1 0 0 0

2

XP_004345780.1

370

Capsaspora owczarzaki ATCC 30864

Eukaryota: Fungi
Bacteria: environmental
samples
Eukaryota: Ichthyosporea

6.30E-37

0 0 0 0 1 0 0 0

1

EFW41058.2

407

Capsaspora owczarzaki ATCC 30864

Eukaryota: Ichthyosporea

8.30E-37

0 0 0 0 1 0 0 0

1

XP_005769385.1

547

Emiliania huxleyi CCMP1516

Eukaryota: Haptophyceae

2.80E-31

0 0 0 1 0 0 0 0

1

XP_003063890.1

227

Micromonas pusilla CCMP1545

2.30E-22

0 0 0 0 0 1 0 0

1

AIA83381.1

112

uncultured bacterium

3.00E-14

0 0 0 0 0 1 0 0

1

XP_003336242.2

158

Puccinia graminis f sp tritici CRL 75-36-700-3

Eukaryota: Chlorophyta
Bacteria: environmental
samples
Eukaryota: Fungi

2.80E-11

0 0 0 0 1 0 0 0

1

XP_003325987.2

529

Puccinia graminis f sp tritici CRL 75-36-700-3

Eukaryota: Fungi

9.90E-21

0 0 0 0 0 0 0 0

0

XP_007416303.1

119

Melampsora larici-populina 98AG31

Eukaryota: Fungi

4.40E-13

0 0 0 0 0 0 0 0

0

Motif
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GenBank ID

